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Abstract 
 
 
This thesis relates our efforts towards the development of a general method for the catalytic 
asymmetric bromination of alkenes. Previous work within the group had reported the synthesis 
and the use of 2,6-di-[(4R,5R)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2yl]-iodobenzene to 
catalyse the bromolactonisation of (±)-2-cyclopentene-1-acetic acid with some asymmetric 
induction observed. The reaction was initially postulated to proceed via formation of a 
hypervalent N-I(III)-Br bond in the catalyst, which by placing the electrophilic bromine in a chiral 
environment would allow for its selective delivery to the alkene substrate. 
 
Initial work aimed to acquire a better understanding of that reaction system and some 
mechanistic studies were undertaken. A different outcome to the one expected is reported and it 
was concluded that during the bromolactonisation reaction, no hypervalent iodine species was 
forming in situ and that instead a potential kinetic resolution via α-salt formation and 
diastereoselective halolactonisation mechanism was operating. These findings necessitated a 
redesign of the catalyst and the synthesis of various bis-amidine analogues is described. An 
unexpected rearrangement is also unveiled and its mechanism discussed. The new catalysts 
were screened in our asymmetric brominating system, using different alkene substrates, and the 
results are reported and discussed. 
 
Subsequent studies focused on elaborating a general method for the asymmetric dibromination 
of alkenes, where Br+ would be delivered by a stoichiometric chiral promoter. Screening of 
various alkene substrates to identify a suitable candidate is reported and discussed. The 
asymmetric dibromination of the chosen alkene is described and further investigations in order to 
elucidate the reasons for the lack of enantioselectivity observed are reported. 
 
Finally, attempts to synthesise Ts-DPEN following a similar route as previously developed within 
the group for the synthesis of DPEN is reported as a side chapter. Various attempts at the final 
benzoyl cleavage are described and discussed.  
 
 
 
 
 
 4 
Table of contents 
 
 Declaration of Originality                                                                          p. 2 
                                                     
Abstract                                                                                                     p. 3 
  
Table of contents                                                                                          p. 4 
  
Acknowledgements   p. 9 
  
Abbreviations   p.10 
  
Chapter 1: Introduction                                                                          p.14 
  
1. 1. The bromonium ion: discovery, characterisation and reactivity                                                                            p.14
1. 1. 1. Discovery                                                    p.14 
1. 1. 2. Characterisation                                                          p.17 
1. 1. 2. 1. NMR studies                                                                                                     p.19 
1. 1. 2. 2. Crystallographic studies                                                                                   p.19 
1. 1. 3. Reactivity p.20 
1. 1. 3. 1. Exchange between alkenes                                                                                            p.20 
1. 1. 3. 2. Reversible formation                                                            p.23 
1. 1. 3. 3. Enantiopure generation of bromonium ion                                                                    p.24 
  
1. 2. Asymmetric bromination of alkenes previously reported in the literature           p.27 
1. 2. 1. Bromination of chiral substrates                                        p.27 
1. 2. 2. Asymmetric bromination of achiral substrates                     p.33 
1. 2. 2. 1. Stoichiometric reaction. p.33 
1. 2. 2. 2.  Catalytic reaction.     p.35 
  
1. 3. Previous work achieved within the group                                                               p.38 
1. 3. 1. Principle of the catalytic asymmetric electrophilic bromination of alkenes             p.38 
 5 
1. 3. 2. Previous work achieved within the group                                                                  p.39 
1. 3. 2. 1. Formation of hypervalent iodine species and their use as catalytic   
               electrophilic sources of bromonium ion.                                                                                                 p.39
1. 3. 2. 2. Introducing asymmetry to the catalytic system                                                    p.43 
1. 3. 2. 3. Bromonium ion exchange between alkenes                                                        p.47 
                                                                                                                  
1. 4. Proposed work p.50 
  
Chapter 2: Towards the asymmetric bromination of alkenes                      p.52 
  
2. 1. Design and attempted synthesis of a new catalyst                                               p.52 
2. 1. 1. Starting hypothesis                                                                                                  p.52 
2. 1. 2. Attempts to synthesise p-MeO-Ph-IBAM 130                                                              p.55 
2. 1. 2. 1. Hypothesis                                                                                                           p.55 
2. 1. 2. 2. First synthetic route attempted                                                                            p.56 
2. 1. 2. 3. Second synthetic route attempted                                                                        p.57 
2. 1. 2. 4. Third synthetic route attempted                                                                             p.60 
  
2. 2. Mechanistic studies                                                                                                     p.63 
2. 2. 1. NMR spectroscopic analysis                                                                                               p.63 
2. 2. 2. X-ray crystallographic analysis                                                                                p.70 
  
2. 3. Asymmetric bromination                                                                                         p.71 
2. 3. 1. Hypothesis                                                                                                            p.71 
2. 3. 2. pKa values                                                                                                           p.72 
2. 3. 3. Revised mechanism                                                                                              p.73 
  
2. 4. Design and synthesis of new catalysts                                                                p.75 
2. 4. 1. Synthesis of various IBAM and 1,3-BAM                                                                p.76 
2. 4. 2. Synthesis of 1,4-BAM derivatives and discovery of an unexpected 
rearrangement  p.79 
2. 4. 2. 1. Synthesis of 1,4-BAM derivatives                                                                         p.79 
2. 4. 2. 2. Attempts to form 1,2-BAM derivatives and unexpected rearrangement              p.80 
2. 4. 2. 3. Synthesis of analogues                                                                                    p.82 
 6 
2. 4. 2. 4. Mechanism for the condensation/rearrangement reaction                                p.86 
2. 4. 3. Conclusion                                                                                                          p.90 
  
2. 5. Screening of the various catalysts in the kinetic system                                 p.90 
2. 5. 1. Optimisation of the conditions                                                                             p.90 
2. 5. 2. Screening of the different catalysts                                                                       p.91 
  
2. 6. Allylmandelic acid as a substrate                                                                        p.93 
  
2. 7. Conclusion                                                                                                               p.100 
  
Chapter 3: Towards the asymmetric dibromination of alkenes                 p.104 
  
3. 1. Concept                                                                                                                  p.104 
3. 1. 1. Proposed hypothesis                                                                                            p.104 
3. 1. 2. Use of an alcohol as a nucleophile                                                                      p.105 
  
3. 2. Reaction utilising stoichiomeric amounts of molecular bromine                    p.107 
3. 2. 1. Hypothesis                                                                                                          p.107 
3. 2. 2. Stability of the chiral promoter towards molecular bromine                                 p.108 
  
3. 3. Attempted asymmetric dibromination of alkenes                                              p.110 
3. 3. 1. Trans-β-methylstyrene                                                                                        p.110 
3. 3. 2. Trans-anethole                                                                                                  p.114 
3. 3. 2. 1. Synthesis of the racemic dibromo-product                                                    p.114 
3. 3. 2. 2. Investigation of the mechanism involved in the bromohydrin formation         p.116 
3. 3. 2. 3. Bromination of trans-anethole in the presence of chiral Ph-IBAM                  p.123 
3. 3. 3. Trans-methylcinnamate                                                                                   p.124 
3. 3. 4. 3-Methoxy-trans-cinnamic acid methyl ester                                                                 p.125 
3. 3. 5. (E)-1-methoxy-3-propen-1-yl-benzene                                                                 p.127 
  
3. 4. Conclusion                                                                                                              p.136 
  
 7 
Chapter 4: Conclusion                                                                                            p.138 
  
4. 1. General conclusion                                                                                                   p.138 
  
4. 2. Future work and possible mode of asymmetric induction                                                                                                                p.140
  
4. 3. Asymmetric bromination of alkenes recently reported in the literature              p.144 
  
Chapter 5: Attempts to synthesis Ts-DPEN via a new route                   p.150 
  
5. 1. DPEN, its derivatives and their use in asymmetric synthesis                          p.150 
  
5. 2. Existing synthesis of enantiopure DPEN                                                            p.160 
5. 2. 1. Synthesis by resolution of the racemate                                                               p.161 
5. 2. 2. Enantiopure synthesis of DPEN                                                                          p.162 
5. 2. 3. Enantiopure synthesis developed within our group                                                p.163 
5. 2. 4. Proposed investigation p.166 
  
5. 3. Attempts to synthesise Ts-DPEN                                                                           p.166 
5. 3. 1. Synthesis of N-benzoyl-N’-Ts-diamine 325                                                            p.166 
5. 3. 2. Screening conditions for the attempted hydrolysis                                               p.167 
5. 3. 3. Attempted cleavage by reduction                                                                          p.170 
5. 3. 4. Attempts at deacylation via formation of an iminoylchloride intermediate               p.171 
5. 3. 5. Synthesis of 325 and inconsistencies in the hydrolysis                                     p.174 
  
5. 4. Conclusion                                                                                                                p.177 
  
Chapter 6: Experimental data                                                                                p.180 
  
6. 1. General information                                                                                                p.180 
6. 1. 1. Analytical procedures                                                                                            p.180 
 8 
6. 1. 1. Experimental procedures                                                                                      p.180 
  
6. 2. Synthesis and utilisation of substrates for the kinetic resolution                          p.181 
6. 2. 1. Synthesis of the substrates                                                                                        p.181 
6. 2. 2. Bromolactone formation p.184 
  
6. 3. Synthesis of new catalysts                                                                                         p.186 
6. 3. 1. BAMs and IBAMs  p.187 
6. 3. 2. Rearranged compounds p.198 
6. 3. 3. Towards the synthesis of 2,3,4-tris-hydroxy-Ph-IBAM. 205 
  
6. 4. Synthesis of styrene derivatives and their dibromination                                      p.208 
  
6. 5. Synthesis of diamine 131 and attempted formation of 262                                    p.216 
  
References                                                                                                                       p.223 
  
Appendix                                                                                                                           p.230 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 9 
Acknowledgements 
 
First and foremost, I would like to thanks my PhD supervisor Dr. Chris Braddock for giving me 
the opportunity to work in his group on such a challenging project. His patience, advices and 
encouragements have been essential over the past three years. I would also like to thank my 
industrial supervisor Dr. Steve Hermitage for his continuous enthusiasm his excellent fresh 
advices and more generally pleasant chats. In this respect I am very grateful to GlaxoSmithKline 
at Stevenage for funding me. 
 
I am extremely grateful for the analytical services at Imperial College – to Peter Haycock for his 
numerous NMR services and endless running up and down the stairs, John Barton for mass 
spectrometry and Stephen Boyer at London Metropolitan University for microanalysis. 
 
I obviously want to thanks the present and past members of the Braddock group. This PhD 
would not have been the same without you. A very special thanks to Rebecca for her endless 
patience to answer questions, give advices (about everything) and being an awesome friend in 
general…maooow!!!!!! Clearly, I owe Karl too for all the proof-reading (…you loooove it!) and his 
valuable friendship. Meeeep!!!! Anna, a special thanks to you for having made this PhD, 
glamorous, shoe-tastic and full of gossips! 
 
I also want to thank the Barrett group, present and past members for their advices along the 
road and their supply of chemicals. Special thanks to Oki, Fred, Jeff, Liz, and Fanny for their 
support, friendship and fun nights out in the Holland club! Big cheers to the Spivey group too, 
especially, Matt and Andy for all the good times we have had over the last three years. 
 
A special thanks to my boyfriend Paul for having been supportive throughout my PhD 
experience and mainly for being une banane everyday.  
 
Finally, a very special thanks to my family, I am very grateful to my parents for “sponsoring” me 
during the writing-up period (these kids they never really leave…grrr! Hihihi!) and obviously for 
all the Skype chats, moral support when needed, good laughs, feeding me gossips from home 
and providing very useful general advices about daily little things (specially maman’s ones). 
Thanks to my soeursoeur Yaël too, who knows how to cheer you up when needed and is always 
there to have a little chat. MAAAOOOOOWW LES CHOUPIS!!!!! 
 10 
Abbreviations 
 
 
*                                 Chiral centre or chiral group 
°                             Degree 
Ǻ                        Angstrom 
Ac                       Acetyl 
Ad                            Adamantane 
Alk                        Alkene 
Anal.                Analysis 
Aq.                    Aqueous 
Ar                         Aromatic 
BAM                Di-(4,5-dihydro-1H-imidazol-2-yl)benzene 
Boc                        tert-Butoxycarbonyl 
B                          Broad 
Bu                        Butyl 
tBu                       tert-Butyl 
c or C or conc.        Concentration 
°C                      Degrees Celsius 
Calcd.                   Calculated 
cat.                        Catalyst 
cm-1                      Wave numbers 
d                        Doublet 
D or d                       Deuterium 
dba                     Dibenzylideneacetone 
DBDMH               1,3-Dibromo-5,5-dimethylhydantoin 
DBDPH                 1,3-Dibromo-5,5-diphenylhydantoin 
DCC                     N,N’-Dicyclohexylcarbodiimide 
dd                        double doublet  
d.e.                         Diastereomeric excess 
(DHQD)2PHAL       Hydroquinidine 1,4-phthalazinediyl diether 
DIBAL-H                  Di-iso-butyl aluminium hydride 
 11 
DMAP                     4-Dimethylaminopyridine 
DME                   Dimethoxyethane 
DMF                    N,N’-Dimethylformamide 
DMSO                     Dimethylsulfoxide 
DPEN                   1,2-Diphenylethylenediamine 
Dppf                 1,1'-Bis-(diphenylphosphino)-ferrocene 
E                          Energy 
e.e.           Enantiomeric excess 
E.I.           Electron ionisation 
eq.                 Equivalent 
ESI            Electrospray ionisation 
Et                       Ethyl 
eV                        Electronvolt 
FT                 Fourier transform 
g.                           Gram(s) 
GLC                      Gas Liquid Chromatography 
h                             Hour(s) 
Hex                         Hexyl 
HFIP Hexafluoroisopropanol 
HMDS                    Hexamethyldisilazane 
HMTA               1-3-Hexamethylenetetramine 
HPLC                    High Performance Liquid Chromatography 
HRMS                   High Resolution Mass Spectrometry 
Hz                        Hertz 
IBAM                      Di-(4,5-dihydro-1H-imidazol-2-yl)-iodobenzene  
IR                         Infrared 
J                           Coupling constant 
L                            Litre 
L*                    Chiral ligand 
LDA                      Lithium Diisopropylamide 
m-                            Meta 
m                Multiplet 
 12 
M             Molar 
%mol                  Molar percent 
Me                      Methyl 
Mes                  Mesylate 
mg                    Milligram(s) 
min.                       Minute(s) 
mL                  Millilitre(s) 
mmol                    Millimole 
m.p.                    Melting point 
MS                      Mass Spectrometry 
MTBE Methyl tert-butyl ether 
NBA                      N-Bromoacetamide 
NBS                       N-Bromosuccinimide 
NHC                  N-Heterocyclic carbine 
NIS                       N-Iodosuccinimide 
NMR                        Nuclear Magnetic Resonance 
Ns                         Nosyl 
Nu                           Nucleophile 
o-                         Ortho 
p-                        Para 
PEG                       Polyethylene glycol 
Ph                  Phenyl 
PPA                      Polyphosphoric acid 
ppm                      Parts per million  
iPr                           iso-Propyl 
q                        Quadruplet 
Quant. Quantitative 
R                         General substituent 
tR                            Retention time 
Rf                          Retention factor 
RCM                      Ring Closing Metathesis 
r.t.                        Room temperature 
 13 
s                             Singlet 
sat.                         Saturated 
SN                    Nucleophilic substitution 
T                    Temperature 
TBCO                 2,4,4,6-Tetrabromocyclohexa-2,5-dienone 
TBDMS                   tert-Butyldimethylsilyl 
TES                        Triethylsilyl 
Tf                             Triflyl 
TFA                          Trifluoroacetic acid 
THF                          Tetrahydrofuran 
TLC                          Thin Layer Chromatography 
TMS                       Trimethylsilyl 
Ts                     Tosyl 
Trt                          Trityl 
UV                        Ultra Violet 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 14 
Chapter 1: Introduction. 
 
 
1. 1. The bromonium ion: discovery, characterisation and reactivity 
 
1. 1. 1. Discovery. 
 
The existence of the bromonium ion was first postulated by Kimball and Roberts in 1937, as an 
intermediate species during the electrophilic bromination of olefins (Figure 1).1 
 
 
Figure 1: structure of the postulated bromonium ion. 
 
This deduction was contrary to previous work reported by Bartlett and Tarbell,2 which suggested 
that the reaction proceeded via the formation of a β-bromocationic intermediate (2). Subsequent 
attack by the generated nucleophilic bromide anion in a trans-fashion would provide the 
dibromide product (Scheme 1). 
 
 
Scheme 1: mechanism as described by Bartlett and Tarbell. 
 
However, as highlighted by Kimball and Roberts,1 if the dibromination was proceeding via a 
planar carbocationic intermediate, both the cis- and the trans-dibromide product should be 
formed via attack on either face of the cation. Furthermore, the authors asserted that the 
carbocation would be unlikely to form in this environment. The empty 2pz orbital of the 
carbocation would be adjacent to the three lone pairs of the geminal bromine, thus favouring the 
bond formation between the bromine atom and the carbon centre. Only the formation of a 
 15 
bridged bromonium ion intermediate would logically explain the exclusive formation of trans-
dibromide 3. 
 
Interestingly, Kimball and Roberts reported in their publication that because of the small 
difference in ionisation potential between bromine (11.8 eV) and carbon (11.2 eV), the “actual 
structure (of the intermediate species) is undoubtedly an intermediate between 4a + 4b and 1” 
(Figure 2).1 
 
 
Figure 2: -bromocarbonium ions 4a and 4b versus bromoniumion 1. 
 
Over the past 70 years, many investigations have been carried out, from synthetic analyses to 
physical calculations, in order to prove the existence of such species. 
 
In 1939, Winstein and Lucas reported that the conversion of bromohydrin 5 to its corresponding 
dibromide 6 proceeded with an unexpected stereochemical outcome.3 Indeed, the reaction was 
expected to proceed via an SN2 mechanism with inversion of configuration, but instead, 
treatment of erythro-(R,S)-5 with hydrobromic acid afforded pure meso-dibromide 6, whereas 
enantiopure erythro-(R,R)-5 gave racemic threo-(R*,R*)-dibromide 6. (Scheme 2).4 
 
 
Scheme 2: reaction between bromohydrin 5 and hydrobromic acid. 
 16 
The authors established that if the intermediate species was an open β-bromocarbonium ion, 
both the optically active threo and erythro-bromohydrin 5 would lead to the formation of a 
mixture of meso-product 6 and enantiopure dibromide ((R,R)-6 and (S,S)-6 respectively). As 
only a single product was obtained for each reaction, this mechanistic pathway was ruled out.  
Another possibility constituted the intermediate generation of a stabilised pyramidal carbonium 
ion 7, but again, some retention of optical activity should be observed in the product mixture 
(Figure 3). 
 
 
Figure 3: Stabilised α-halo-substituted carbonium ion 3. 
 
Therefore, the analyses of these experiments confirmed that a double inversion had taken place. 
The authors asserted that the reaction was proceeding via formation of a symmetrical 
bromonium ion intermediate. Indeed, starting from enantiopure erythro-bromohydrin 5, 
displacement in an SN2 fashion of oxonium ion 8 by neighbouring group participation of the 
vicinal bromine atom generated C2 symmetric bromonium ion 9, which by subsequent opening 
by the bromide anion formed the respective meso-dibromide product 6 (Scheme 3).  
 
 
Scheme 3: mechanism of the bromonium ion formation proposed by Winstein. 
  
Similarly, the reaction starting from enantiopure threo-bromohydrin 5 generated a meso-
bromonium ion intermediate which, followed by non-regioselective opening, gave a racemic 
mixture of threo-dibromide (R*,R*)-6. 
 
Further evidence for the formation of bromonium ion intermediates via neighbouring group 
participation have been reported by various research groups, all in agreement with the initial 
 17 
Winstein and Lucas theory. Initially, the examples reported were limited to the generation of 
symmetrical bromonium ions.5-7  
 
In 1968, both Fahey and Yates investigated the dibromination of non-symmetrical alkenes and 
concluded the reaction involved the formation of a weakly bridged intermediate species.8,9 
Further physical calculations were carried out10,11 and Yates concluded that during the 
dibromination of non-symmetrical aryl-alkenes, an unsymmetrically bridged bromonium ion 
would be generated (10), with its positive charge being more delocalised towards the benzylic 
carbon atom (Figure 4).8  
 
 
Figure 4: structure of the proposed ionic intermediate. 
 
As Winstein had suggested in his paper, it is possible that the structural constitution of the 
intermediate species formed will change depending on the nature of the starting alkene. Overall, 
the authors concluded that “a spectrum of possible ionic intermediates, of which 2 and 12 are 
extremes” was a more reasonable description of the nature of the bromonium ion (Figure 5).12 
 
 
Figure 5: proposed spectrum of intermediates. 
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1. 1. 2. Characterisation. 
 
1. 1. 2. 1. NMR studies. 
 
In 1967, Olah and Bollinger were the first to successfully achieve the generation of a stable 
bromonium ion in solution.13 1-Bromo-2-fluoroethane 13 was treated with a solution of antimony 
pentafluoride in sulfur dioxide at -60°C. Ionisation, induced by the loss of fluoride anion, led to 
the formation of ethylene bromonium ion 14, stable at low temperature (-30°C) in the absence of 
nucleophilic entities (Scheme 4). 
 
 
Scheme 4: generation of stable bromonium ion 14. 
  
Thus, they were able to characterise the ionic species 14 by 1H-NMR spectroscopy and a 
significant difference in shift was observed compared to starting material 13. The two double 
triplets of 1-bromo-2-fluoroethane 14, originally at 3.67 and 4.58 ppm respectively, had merged 
into one single broad peak at 5.53 ppm, indicating the formation of a single symmetrical species. 
The chemical shift is indicative of substantial deshielding as expected for a positively charged 
species.  
 
13C-NMR spectroscopic studies have also been used as probes of electronic structures. Servis 
used the two-bond deuterium isotope effect to determine the electronic distribution of 2,3-
dimethyl-2,3-butanediylbromonium ion-d6 15  (Figure 6).14 
 
 
Figure 6: structure of the studied bromonium ion. 
 
By comparison with the 13C-NMR spectra of the non-deuterated isotopomer, a downfield shift of 
1.5 ppm for the carbon atom bearing the two CD3 groups was observed and attributed to the 
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presence of a β-isotope effect. This alteration is usually observed for carbocations, for which the 
positive shift is attributed to the demand for hyper-conjugation stabilisation by the C-H (C-D 
respectively) bonds. The reduced length of the C-D bond creates a perturbation of the 
vibrational motion which increases the electron density at the β-sp3 hybridised carbon. 
Therefore, the stabilisation by electron delocalisation towards the empty 2pz orbital of the 
adjacent carbocation was reduced and resulted in a small positive shift of this sp2 carbon 
(relatively compared to the shift of its non-deuterated isotopomer). It was therefore postulated 
that the large value of the β-isotope effect could be due to the existence of an equilibrium 
isotope effect between 16 and 17 (Scheme 5). 
 
 
Scheme 5: potential carbocations formed. 
 
However, such an equilibrium isotope effect would be expected to have an upfield (negative) 
value as the isotope substitution would destabilise the 17 conformation. Furthermore, such an 
exchange is expected to be temperature dependent and the value of the isotope effect was 
found to remain constant over a temperature range from -63 to -33°C. 
Therefore, the authors concluded that a three membered ring structure in which all the bonds 
are of the two-electron two-centre type would best represent the bromonium ion electronic 
structure. 
 
 
1. 1. 2. 2. Crystallographic studies. 
 
In 1984, Brown and Slebocka provided the first structural evidence for the existence of cyclic 
bromonium ions.15 They repeated the work of Wynberg and co-workers who in 1969 had 
reported the treatment of adamantylideneadamantane 18 with molecular bromine in carbon 
tetrachloride afforded a yellow solid, which had an empirical formula and properties consistent 
with the structure of bromonium ion tribromide 19 (Scheme 6).16 
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Scheme 6: Wynberg et al’s bromonium ion tribromide. 
 
Wynberg’s attempts at recrystallisation of 19 failed, either because of the insolubility of the 
product in non-polar solvents (CCl4, hexane, diethylether) or because of the regeneration of 
molecular bromine and starting alkene 18 in polar ones (acetone, DMSO). However, fifteen 
years later, Brown succeeded in growing crystals of 19 in acetonitrile and was able to obtain X-
ray crystallographic data (Figure 7).15 
 
 
Figure 7:  X-ray crystallographic data of 19. 
 
The stability of such an ionic compound was explained by the presence of bulk on the face 
opposite to the bromonium ion which prevented access of the nucleophile. 
 
The confirmation of the existence of the bromonium ion as a three membered positively charged 
ring was a major achievement which allowed for the facilitation of further investigations 
concerning the mechanism of the electrophilic bromination of alkenes to be pursued.  
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1. 1. 3. Reactivity. 
 
1. 1. 3. 1. Exchange between alkenes. 
 
In the early 80’s, evidence for the reversible formation of a bromonium ion via attack of the 
bromide anion onto the positively charged bromine atom of the three membered ring had started 
to accumulate in the literature.17,18 However, the observation of a bromonium ion exchange 
between alkenes was yet to be reported. 
In 1991, Brown reported his work on the NMR studies of the triflate salt of the bromonium ion of 
adamantylideneadamantane 20 (Figure 8).19 
 
 
Figure 8: structure of salt 20. 
 
The 13C-NMR of the salt in solution (CD2Cl2 at -80°C) was found to display a seven line pattern, 
indicative of a two fold symmetry. Addition of small amounts of the parent olefin to the NMR tube 
caused the peaks for C8, 8’, 10, 10’ and C4, 4’, 9, 9’ (42.49 and 40.31 ppm respectively) and those for 
C7, 7’ and C5, 5’ (26.7 and 26.51 ppm respectively) to broaden, then coalesce to ultimately give a 
narrow singlet C4, 4’, 8, 8’, 9, 9’, 10, 10’ and C5, 5’, 7, 7’ as more olefin was added. Brown concluded that 
this phenomenon was a result of the Br+ translocation transfer proceeding from the top side of 
bromonium ion 20 to the bottom side of alkene 18 proceeding via formation of degenerated 
transition state 21, where the Br+ is coordinated to two Ad=Ad units (Scheme 7). 
 
 
Scheme 7: Br+ exchange between bromonium ion 20 and alkene 18. 
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Brown subsequently investigated the nature of bonding involved during the exchange using 
energy level calculations and concluded there should be favoured formation of a D2d symmetric 
transitions state 22 (Figure 9).19 More recent calculations by Braddock, Rzepa et al based this 
time on an entropic examination, suggested that along with the D2d tetragonal transition state 22 
another D2h square planar intermediate 23 of similar energy level could be formed
 (Figure 9).20 
 
 
Figure 9: D2d 22 and D2h 23 conformations of the four-bond-coordinated intermediate. 
 
After investigating the bromonium ion exchange between two similar olefins, Brown postulated 
that the bromonium ion of Ad=Ad 18 could be used to achieve the rapid transfer of Br+ to other 
acceptor olefins. Initial work in 1991, described the use of Ad2Br
+ -OTf 20 as a source of Br+ for 
the bromination of d10-cyclohexene 24.20 Product formation was assigned by 2H-NMR analysis, 
where it was observed that the signals for the initially symmetric C6D10 were slowly replaced by 
those of a d10-product having no plane of symmetry, which was proved to be d10-bromotriflate 25 
(Scheme 8). 
 
 
Scheme 8: bromination of 24 by Br+ exchange. 
 
Subsequent to this work, Neverov and Brown extended the application of this methodology to 
the bromocyclisation of various olefins. Firstly, they reported the bromocyclisation of linear 
olefins bearing a nucleophilic substituent in either the β-, γ- or δ-position (Scheme 9).21 
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Scheme 9: bromocyclisation induced by Br+ exchange. 
 
The methodology was then further extended to the bromocyclisation of more highly substituted 
olefins (Scheme 10).22 
 
 
Scheme 10: bromocyclisation of highly substituted olefins by Br+ exchange. 
 
 
1. 1. 3. 2. Reversible formation. 
 
As well as demonstrating the ability of the bromonium ion to exchange between alkenes, Brown 
and Sleboca also reported studies proving the reversible nature of the bromonium ion 
formation.23 trans-2-Bromotriflate 31 was solvolysed at room temperature, (in either acetic acid 
or methanol), with the additional presence of bromide anion (LiBr) and acceptor olefin 32 
(Scheme 11). 
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Scheme 11: Brown and Sleboca solvolysis experiment. 
 
Analysis of the product mixture revealed the presence of the dibromide and bromosolvate 
products of both cyclohexane (34 and 35 respectively) as well as the ones of cyclopentane (36 
and 37 respectively). Additional experiments established that no direct nucleophilic substitution 
of the triflate (31) by attack of the bromide anion was occurring during the reaction. Furthermore, 
it was found that in the absence of lithium bromide, cyclopentene alone did not intercept the 
intermediate bromonium ion produced as no bromosolvate 37 was observed in the product 
mixture afforded by the reaction. These observations unequivocally point to the generation of 
molecular bromine in situ, when the solvolysis of bromotriflate 31 is conducted in presence of 
added bromide anion and scavenger olefin 32. 
 
 
1. 1. 3. 3. Enantiopure generation of bromonium ion. 
 
During the course of our studies, Pouwer and Braddock reported the first successful generation 
and trapping of enantiopure bromonium ions to form enantiomerically pure products.24 Treatment 
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of commercially available enantiopure (1S,2S)-1-phenylpropylene oxide 38 with hydrobromic 
acid afforded a 73:27 diastereomeric mixture of enantiopure bromohydrin 39 and 40 
respectively. Further treatment with neat thionyl chloride allowed for the formation of a 76:24 
diastereomeric mixture of enantiopure bromochlorides 42 and 43 respectively. The reaction 
proceeded via generation of enantiopure bromonium ion 41 with inversion of configuration at the 
2-position. Subsequent trapping of the charge by the chloride anion following Markovnikov rules 
afforded the products in excellent yields (97%, Scheme 12).24 
 
 
Scheme 12: generation and trapping of enantiopure bromonium ion. 
 
This work constitutes a great achievement regarding the understanding of the use of bromonium 
ion in synthetic organic chemistry. However, as highlighted by Denmark in 2010,25 no studies 
had been carried out incorporating conditions where alkene to alkene transfer of bromonium ion 
could be occurring. 
In order to assess the impact of olefin to olefin transfer on the generation and trapping of 
enantiopure bromonium ion, Denmark carried out a similar study as Pouwer previously reported 
but this time with the added presence of an alkene in solution.25 
Firstly, a control experiment was conducted where bromotosylate 44 was treated with NaOAc as 
the nucleophile in HFIP (Scheme 13). 
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Scheme 13: generation and trapping of enantiopure bromonium ion in the presence of a 
nucleophile. 
 
Analysis of the product revealed that the reaction had proceeded with 100% retention of 
configuration via generation of enantiomerically pure bromonium ion 45. 
However, when the acetolysis was repeated with the added presence of alkene 47, 
bromoacetate 46 was produced with lower enantiomeric purity (Scheme 14).25 
 
 
Scheme 14: generation and trapping of enantiopure bromonium ion in presence of added 
alkene 47. 
 
As expected, the more alkene 47 was added in solution, the more racemisation via olefin to 
olefin exchange of bromonium ion was observed (Table 1).25 
 
Table 1: influence of olefin addition on the enantiomeric purity of the reaction conducted 
in the presence of two equivalents of NaOAc. 
Alkene 47 (eq.) 0 0.25 0.5 0.75 1 1.5 2 
Enantiomeric purity (%) 100 62 47 36 28 23 19 
 
Surprisingly, repeating the experiments with an increased concentration of nucleophile (5 eq.) in 
solution did not help preventing the racemic bromonium ion exchange and overall only a minor 
limitation of the racemisation was observed (Table 2).25 
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Table 2: influence of olefin addition on the enantiospecificity of the reaction conducted in 
the presence of five equivalents of NaOAc. 
Alkene 47 (eq.) 0 0.25 0.5 0.75 1 
Enantiospecificity (%) 100 63 50 40 35 
 
 
Therefore, despite having acquired the ability to generate enantiopure bromonium ions,24,25 their 
ability to exchange with other alkenes in solution21,22 as well as the reversibility of their formation 
in the presence of bromide ions23 are both of great influence over the course of bromination 
reactions. These parameters will have to be carefully taken into consideration whilst attempting 
to develop a general method for the asymmetric bromination of alkenes.  
 
 
1. 2. Asymmetric bromination of alkenes previously reported in the literature. 
 
1. 2. 1. Bromination of chiral substrates. 
 
In 1976, Abbot and Starling reported the asymmetric bromination of an alkene, which was 
induced by the presence of an α-chiral auxiliary.26 Enantiopure vinyl and α-methylvinyl-p-tosyl 
sulfoxides (48a and 48b respectively) were reacted with molecular bromine in acetic acid to 
afford diastereoisomeric mixtures of their corresponding dibromo-sulfoxides (49a and 49b 
respectively). Oxidation of the diastereoisomeric mixture allowed for the removal of one of the 
two chiral centres and therefore led to the formation of enantiomers (50a and 50b respectively). 
The level of asymmetric induction in the reaction was determined by comparison of the optical 
rotation of the dibromosulfone product mixture obtained with that of the enantiopure 
dibromosulfone synthesised by oxidation of the pure major diastereoisomer (Scheme 15). 
 
 
Scheme 15: asymmetric dibromination of vinylsulfoxides 48a and 48b. 
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Despite the differing yields, in both cases promising levels of enantiomeric excess were 
obtained. The selectivity was attributed to the preference of the bromonium ion to avoid a 
gauche interaction with the aryl group, favouring the formation of dibromide with a (SS,SC)-
absolute configuration. 
 
In 1977, Terashima reported the highly efficient synthesis of optically active α-hydroxy-acids 
starting from (E)-α-β-unsaturated acids, mediated by the temporary use of a chiral amino-acid as 
directing group.27 The synthesis proceeded via initial condensation of (S)-proline 51 and 52, to 
afford enantiopure N-(α-β-unsaturated)-acylproline 53. Subsequent treatment with NBS gave a 
diastereomeric mixture of bromolactones, in which 54 was highly predominant (94.5:5.5). The 
facial selectivity of the bromonium ion formation was determined by the conformation of the 
alkene relative to the position of the chiral centre of the amino-acid (Scheme 16). 
 
 
Scheme 16: synthesis of optically active α-hydroxy-acids. 
 
Separation of the diastereoisomers by recrystallisation gave bromolactone 54 in 95% e.e., which 
with subsequent debromination and hydrolysis afforded α-hydroxy-acid 55 in high optical yields 
(89-98% e.e.). 
Application of a similar methodology starting from (Z)-α-β-unsaturated-acylproline 56 failed to 
afford a comparable d.e. in the bromolactone product as the inherent steric bulk of the (Z)-
substituent diminished the selective influence of the chiral proline group by favouring 
conformation 57 where the alkene points away from the chiral centre (Figure 10).28 
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Figure 10: steric clashing impairing the reaction. 
 
Further investigations found that when starting from a β,β-substituted-α,β-unsaturated-
acylproline (58), the reaction afforded 7-membered ring bromolactone 60 in good yields (91%, 
no d.e. recorded). This behaviour was explained by the presence of an increased stabilisation of 
the positive charge provided by the gem-dimethyl substituted carbon which favoured the 
formation of a 7-membered bromolactone over the 6-membered one previously observed 
(Scheme 17).29 
 
 
Scheme 17: asymmetric bromination of β,β-substituted-α,β-unsaturated-acylproline 58. 
 
Terashima subsequently proposed a modified version of the previously described methodology 
to selectively α-brominate α-β-unsaturated-ketone.30 This time, a chiral auxiliary was used in the 
form of an acetal protected ketone (61) using (R,R)-N,N,N’N’-tetramethyltartaramide. Kinetically 
controlled bromolactonisation afforded 7-membered ring lactam 62, in 83% yield, with an 
excellent 95% d.e. (Scheme 18). 
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Scheme 18: selective α-bromination α,β-unsaturated-acetal protected ketone 61. 
 
A different approach was reported by Oppolzer,31 who described the use of camphor-10-sulfonic 
acid 63 as α-chiral auxiliary for the generation of enantiomerically pure halohydrins and terminal 
epoxides. The reaction proceeds through the formation of a chiral ester (64) by condensation of 
auxiliary alcohol 63a with an acid chloride. Subsequent kinetically controlled 
deprotonation/silylation allowed for the generation of a silyl ketene acetal (65) which by further 
treatment with NBS in toluene afforded the enantiopure bromoester, here (S)-66 in 70% yield 
and >96% d.e. Further reduction of the ester followed by cyclisation upon treatment with base, 
generated enantiopure terminal epoxide 67 (Scheme 19).31 
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Scheme 19: asymmetric bromination of camphor-10-sulfonic acid derived ester 64. 
 
As expected, using the antipodal inductor 63b afforded the other enantiomer of bromoester (R)-
66 with a similar selectivity (>96% d.e.).31 
  
An alternative chiral auxiliary capable of inducing enantio-control during the bromo-etherification 
of olefins was identified in the shape of sugars. This work was first described in 1989, when 
Fraser-Reid et al reported the oxidative cleavage of α-n-pentenyl-glycosides using NBS, via 
selective generation of enantio-enriched bromoether 69 (80% e.e., Scheme 20).32 
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Scheme 20: cleavage of α-n-pentenyl-glycosides 68 via asymmetric bromoetherification. 
 
The facial selectivity observed for the bromonium ion formation was explained by the 
conformation adopted by the bromonium ion which is positioned in close proximity to the C2-
substituent of the pyranose. This favours the ring-opening on the bromonium ion to proceed 
selectively on one face. Conducting the same experiment, starting this time either from the β-
anomer or from the C2-inverted mannoside, led to a substantial decrease in the enantiomeric 
excess of the product.32 These results are in accordance with the mechanistic pathway 
previously proposed.  
 
Further work carried out by Bellucci et al reported the sugar controlled asymmetric bromination 
of allyl-glycosides 70 with n-Bu4NBr3 to proceed with 60% enantiomeric excess (Scheme 21).
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Scheme 21: controlled asymmetric bromination of allyl-glycoside 70. 
 
The selectivity was rationalised by the formation of a charge transfer complex (73) where the 
breaking of the Br-Br bond accompanying the formation of the C-Br bond can be assisted by 
hydrogen bonding with the OH group at the C6 position (Figure 11).  
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Figure 11: proposed transition state. 
 
The diastereoselective addition was postulated to be due to a faster reaction of the CTC formed 
at the face of the double bond which is exposed to the free hydroxyl. 
 
 
1. 2. 2. Asymmetric bromination of achiral substrates. 
 
1. 2. 2. 1. Stoichiometric reaction. 
 
In 1966, Berti described the first reagent controlled asymmetric bromination of alkenes.34 This 
new method for the preparation of optically active vicinal dibromides was based on the principle 
of an asymmetric kinetic resolution. Reaction of C2 symmetry compounds, such as cyclohexene 
74, with molecular bromine would lead to the formation of a partially resolved asymmetric 
product when conducted in the presence of a chiral catalyst. Cinchona bases 75 and 76 were 
found to be the most efficient (Scheme 22).34 
 
 
Scheme 22: Berti’s asymmetric dibromination of cyclohexene. 
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Although the dibromide product isolated only displayed low optical activity, these results had 
never been obtained in the past. It was postulated that under the conditions of the reaction, 
cinchonine 75 (or its stereoisomer cinchonidine 76) would be rapidly brominated on the vinyl 
side-chain and could then exert its asymmetric influence as the 10,11-dibromo derivative. 
 
Some twenty years later, Bellucci reported the synthesis of various chiral quaternary ammonium 
salts and evaluated their ability to induce asymmetry by reacting them with cyclohexene.35 It was 
found that an ammonium bromide derivative of sparteine (77) induced the highest enantiocontrol 
with a recorded enantiomeric excess of 36% (Scheme 23).  
 
 
Scheme 23: Bellucci’s asymmetric dibromination of cyclohexene. 
 
A decade later, Toda et al described the use of brominated organic salts for the enantioselective 
bromination of alkenes.36 The authors reported that treatment of a single crystal of chalcone 78 
(which displays a (-)-Cotton effect in the solid state) with an aqueous solution of pyridine 
tribromide afforded adduct 79 in 73% yield and 13% e.e. after 3 h (Scheme 24). 
 
 
Scheme 24: asymmetric dibromination using a brominated organic salt. 
 
In 2000, Brown reported further investigations concerning the use of organic salts as Br+ 
sources.52,53 Bromocyclisation of alcohol 80 and acid 81, mediated by the bis-(2-(-)-
menthylpyridine)-bromonium triflate complex 84, afforded bromoether 82 and bromolactone 83, 
in 2.4% and 4.8% e.e. respectively (Scheme 25). 
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Scheme 25: asymmetric bromocyclisation using brominated organic salts. 
 
 
1. 2. 2. 2. Catalytic reaction. 
 
Chiral amine derivatives have been widely reported to be efficient chiral promoters with regards 
to the asymmetric substitution of substrates featuring a carbonyl group α- to the carbon to be 
brominated.38 Marigo and Jorgensen reported the α-bromination of compounds 85a and 85b 
using chiral pyrrolidine 87 as a catalyst.39 The formation of an enamine moiety allowed for the 
subsequent reaction between the nucleophilic carbon and the electrophilic bromine source to 
proceed. After hydrolysis, bromo-products 86a and 86b were respectively obtained with good 
enantiomeric excesses (Scheme 26). 
 
 
Scheme 26: Marigo and Jorgensen’s asymmetric bromination. 
 
Similarly, Bartoli described the halogenation of 1,3-dicarbonyl compounds, such as 88, using 
chiral benzoylquinine 90 as catalyst (5 mol%) and TBCO as the source of electrophilic bromine 
(Scheme 27).40 
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Scheme 27: Bartoli’s asymmetric bromination. 
 
There have been further examples of α-halogenation of carbonyls reported in the literature.41 It is 
important to note that none of these asymmetric brominations proceeds via in situ formation of a 
bromonium ion intermediate.  
 
Therefore, at the start of our project, only a few enantioselective halogenations of alkenes via 
bromonium ion formation had been described in the literature. In 2007, Sakakura described the 
successful enantioselective halocyclisation of homo-(polyprenyl)-arenes induced by nucleophilic 
phosphoramidites.42 Up to 99% e.e. was observed in the case of the iodo-cyclisation of p-
methyl-polyprenoid 91 in the presence of stoichiometric amounts of NIS and phosphoramidite 93 
(Scheme 28). 
 
 
Scheme 28: asymmetric iodocyclisation of p-methyl-polyprenoid 91. 
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However, when the same reaction was conducted using NBS as a source of electrophilic 
bromine, the enantiomeric excess decreased to 36%.42 Furthermore, attempts to render the 
iodocyclisation catalytic failed to deliver satisfying results with the yield of the reaction 
decreasing to 29% and the enantiomeric excess becoming negligible at 4%.42 
 
When beginning our studies, only Henry et al had reported a catalytic method for the 
enantioselective dibromination of alkenes.43 The reaction is catalysed by chiral bidentate 
palladium(II)-complexes 96 or 97 and proceeds with anti-addition of dibromide to the double 
bond (Scheme 29). 
 
 
Scheme 29: Henry’s catalytic asymmetric bromination of alkenes. 
 
However, the application of this methodology to the dibromination of 1,2-disubstituted olefins 
was not as successful, with the catalyst turnover dropping from 85 to 10 and the enantiomeric 
excess of the product from 95% to 14%.43 
Despite obtaining a good level of asymmetric induction for the dibromination of terminal alkenes, 
no universally applicable catalyst for the addition of bromine to an alkene in an asymmetric 
fashion had been developed. 
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1. 3. Previous work within the group. 
 
1. 3. 1. Principle for the catalytic asymmetric electrophilic bromination of alkenes. 
 
Previous work within the group had focused on developing a method for the asymmetric 
bromination of alkenes, which would proceed via the in-situ formation of an enantiopure 
bromonium ion (Figure 12). 
 
 
Figure 12: Asymmetric bromination via enantiopure bromonium ion formation. 
 
Success in this area would provide an extremely powerful and general method for the 
preparation of a variety of enantiomerically pure functionalised molecules, as well as leading to a 
fundamental advance in the understanding of this textbook reaction (Figure 13).  
 
 
Figure 13: Access to a wide range of substrates. 
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1. 3. 2. Previous work achieved within the group. 
 
Several examples of the bromination of cyclic enones or aromatic rings using a combination of 
diacetoxy-iodobenzene (DIB) and bromide source in stoichiometric amounts had previously 
been published in the literature.44 
In 2001, Rho reported the synthesis of 3-bromo derivatives of flavones using a 1:1 mixture of 
DIB and Bu4NBr which proceeded via initial formation of bromonium ion 99, subsequently 
followed by proton elimination (Scheme 30).44b 
 
 
Scheme 30: synthesis of the 3-bromo derivative of flavone 98. 
 
At this point in time, the intermediate species created by the reaction between DIB and the 
bromide source had not been characterised, but it was believed that it must be acting as a 
stoichiometric Br+ source. 
 
 
1. 3. 2. 1. Formation of hypervalent iodine species and their use as catalytic electrophilic sources 
of bromonium ion. 
 
Further research undertaken within our group revealed that a stoichiometric combination of DIB 
and LiBr in THF was able to brominate a variety of aryl and alkene substrates in less than 30 
min at room temperature (Scheme 31).45 
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Scheme 31: electrophilic bromination of aryl and alkenyl-substrates. 
 
It was postulated that the in situ displacement of one of the acetates of DIB (103) by the bromide 
anion would generate the new hypervalent iodinated species 104, which renders the bromine 
atom of the I(III)-Br bond electrophilic and therefore available for the nucleophilic attack of the 
carbon-carbon double bond of the alkene substrate (Scheme 32).45 
 
 
Scheme 32: bromoiodinane 104 as a source of electrophilic bromine. 
 
However, at the start of the project, none of the bromoacetate intermediate species 104 had 
been isolated and characterisation was necessary to prove the existence of such a hypervalent 
I(III)-Br bond formation. It seemed apparent from the literature that more stable bromoiodinanes 
had previously been synthesised (Scheme 33) and isolated for different purposes, but their 
characterisation had not been fully completed.46 
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Scheme 33: synthesis of bromoiodinane 107 as described by Martin. 
 
An improved formation of the hypervalent iodinated species was developed within our group. 
Starting from carbinol 106, treatment with NBS provided bromoiodinane 107 in good yield. 
Successful recrystallisation allowed for its structure to be unambiguously elucidated by X-ray 
crystallography (Scheme 34).47 
 
 
Scheme 34: synthesis of bromoiodinane 107 and its X-ray crystallographic structure. 
 
The isolated bromoiodinane was then tested as a Br+ source for the bromolactonisation of γ-δ-
unsaturated compound 81. Firstly, bromoiodinane 107 was utilised in stoichiometric amounts in 
the reaction system, affording the full conversion to product in 15 h (Scheme 35).47 
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Scheme 35: bromolactonisation of 81 using bromoiodinane 107 as a Br+ source. 
 
It was observed that the rate of conversion to product was much greater in this case than when 
NBS was used. Another important observation was that the only side product of the reaction 
present in the crude product was carbinol precursor 106. It was therefore concluded that the 
reaction could be rendered catalytic, invoking an in situ generation of bromoiodinane 107. 
Indeed, using catalytic amounts of carbinol 106 (25 mol%) and a stoichiometric amount of NBS, 
full conversion of alkene 81 to the product was achieved in 15 h (Scheme 36).48 
 
 
Scheme 36: mechanism for the catalytic bromination of alkene 81. 
 
A variety of derivatives of the bromoiodinane precursor were synthesised with the aim of 
increasing the turnover of the catalyst. It was found that by increasing the nucleophilicity of the 
group in the ortho-position to the iodine atom, the activity of the catalyst was significantly 
increased (Table 3).45 
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Table 3: various catalysts tested for the bromolactonisation of 4-pentenoic acid 81. 
 
 
 
Entry Catalyst Time Conversion 
1 
110 
6 h 100% 
2 
111 
30 min 100% 
3 
112 
10 min 100% 49 
 
The amidine/NBS combination (entry 3, table 3) appeared to be the most reactive system to 
achieve the catalytic bromination of alkenes.49 At this stage, work focused on incorporating 
asymmetry into the catalyst. It was hoped this would allow for asymmetric delivery of the 
bromine atom to the alkene of the substrate.  
 
 
1. 3. 2. 2. Introducing asymmetry to the catalytic system. 
 
The first modification introduced to the catalyst in order to render its structure asymmetric was 
the incorporation of chiral centres α to the nitrogen atoms of the amidine.  
Firstly, (4R,5R)-2-(2-iodiphenyl)-4,5-diphenyl-4,5-dihydro-1H-imidazole 113 (Ph-IAM) was 
synthesised and its ability to catalyse electrophilic bromination was tested on a range of 
unsaturated compounds to form their respective bromolactones (Table 4).45 
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Table 4: conditions attempted for the asymmetric catalytic bromolactonisation of 81. 
 
 
 
Entry 113 (mol %) Temperature Time Yield e.e. 
1 1 r.t. 1 h 88% <5% 
2 10 -30°C 1 h 30 81% <5% 
 
Despite the high yields obtained, essentially no enantiocontrol was observed. It was postulated 
that the linear conformation of the N-I(III)-Br bond of intermediate bromoiodinane 114, was 
orientating the bromine atom away from the chiral pocket. This stopped the approach of the 
alkene from being selectively controlled, resulting in the formation of a racemic bromonium ion 
(Figure 14).45 
 
 
Figure 14: chiral bromoiodinane 114. 
 
In order to address the remote position of the electrophilic bromine atom from the chiral 
environment, it was proposed to add another asymmetric group in the 6-position of the 
iodobenzene ring. This would create a second chiral environment which would now be 
positioned in very close proximity to the bromine atom of the bromoiodinane species generated 
during the reaction. The C2 symmetric bis-amidine 118 (Ph-IBAM) was proposed and 
subsequently synthesised, in 37% overall yield, starting from bis-cyanide 115 (Scheme 37).50,51 
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Scheme 37: synthesis of C2 symmetric chiral bis-amidine Ph-IBAM (R,R)-118. 
 
Many conditions (solvent, temperature, catalyst loading, bromine source, time and 
concentration) were screened in order to optimise the asymmetric bromolactonisation of 119 in 
the presence of catalytic amounts of (R,R)-Ph-IBAM 118. It was found that conducting the 
reaction at -78°C for 8 hours, in the presence of 5 mol% of catalyst 118 and 0.5 equivalents of 
NBS afforded bromolactone 120 in good yields (53%) with an optimum enantiomeric excess of 
11% (Scheme 38).50 
 
 
Scheme 38: optimised conditions for the catalytic asymmetric bromolactonisation of (±)-
2-cyclopentene-1-acetic acid 119. 
 
In order to enhance the ability of the hypervalent species to induce asymmetry during the 
delivery of the bromine to the alkene, catalyst 118 was subjected to various modifications. 
Acetylated (121 and 122) and alkylated (123 and 124) analogues of Ph-IBAM 118 were 
synthesised as it was postulated that incorporating a carbonyl motif close to the iodine, may 
increase the stability of the hypervalent species by donation of the oxygen lone pairs to the 
iodine atom (Figure 15).50 
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Figure 15: examples of synthesised analogues. 
 
This theory was supported by the previous observations of bromoiodinane 106 dimers, linked by 
two I....O interactions in the X-ray crystallographic data (Figure 16).50 
 
 
Figure 16: I·····O interactions responsible for dimerisation of 106 in the solid state. 
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These analogues were then tested as catalysts for the asymmetric bromolactonisation of 119, 
using the previously optimised conditions. Unfortunately, no improvement in the enantiomeric 
purity of the isolated product was observed. Therefore, Ph-IBAM (R,R)-118 remained the most 
efficient catalyst to induce asymmetry into the reaction system.  
 
 
1. 3. 2. 3. Bromonium ion exchange between alkenes 
 
One of the difficulties in developing an asymmetric bromination reaction for olefins lies in the 
ability of the bromonium ion to exchange rapidly with the other alkenes in solution. Indeed, if an 
enantiopure bromonium ion were to be formed initially, its non-selective exchange with the 
remaining unreacted alkenes present in the reaction mixture will lead to the racemisation of the 
intermediate species (125) and therefore to the isolation of an enantiomeric mixture of product 
(Figure 17). 
 
 
Figure 17: enantiopure bromonium ion racemisation pathway. 
  
Investigations aiming to establish whether or not this phenomenon was occurring in the catalytic 
asymmetric brominating system were carried out by a previous member of the group.50  
A similar experiment to the one previously described by Fraser-Reid in 1996 was undertaken. 
Alkenoic acids 119 and 81, were selected as suitable substrates to conduct the investigation as 
they have a similar bromolactonisation rate when treated with NBS at room temperature 
(Scheme 39).50 
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Time 1.5 h 4.5 h 22 h 48 h 
Conversion Trace 11% 62% 100% 
 
 
Time 1.5 h 4.5 h 22 h 48 h 
Conversion 7% 16% 65% 87% 
 
Scheme 39: bromolactonisation rate of 119 and 81 a room temperature. 
 
The two substrates 119 and 81 were made to compete for limiting quantities of NBS, with the 
idea that if the formation of the bromonium ion was irreversible, the ratio of products 120 and 83 
would reflect the respective rate of their individual brominations. These being similar, an 
approximate 1:1 ratio of product would be observed in the afforded mixture (Scheme 40).50 
 
 
Scheme 40: competing bromolactonisation of 119 and 81. 
 
However, a significantly different product distribution was observed (120:83, 88:12), where the 
reaction favoured the formation of the product resulting from the fastest lactonisation process (k3 
> k4). This observation implies that bromonium ion exchange between the two alkenes occurred 
during the reaction (Scheme 41).50 
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Scheme 41: process involved during the competing bromolactonisation reaction of 119 
and 81. 
 
In order to assess if the same exchange process was involved in the asymmetric brominating 
system, the previous experiment was repeated in the presence of 1 mol% of Ph-IBAM catalyst 
(R,R)-118 (Scheme 42).50 
 
 
Scheme 42: competing bromolactonisation of 119 and 81 in the presence of Ph-IBAM 
(R,R)-118. 
 
Despite the reaction conducted at room temperature being much faster (1 h), a similar ratio 
(120:83, 84:16) as the one afforded by the reaction without catalyst (120:83, 88:12) was 
observed. Conducting the reaction at -78°C increased the discrimination between the two 
reaction pathways, affording a 94:6 mixture of products 120 and 83 respectively. 
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Further investigations found that the bromonium ion exchange process was not concentration 
dependent. However, increasing the potency of the nucleophile or raising the reaction 
temperature should increase the rate of nucleophilic attack on the bromonium ion and therefore 
limit the degree of its exchange between alkenes.50 
 
Thus, it was concluded that under our catalytic asymmetric brominating conditions, bromonium 
ion exchange between alkenes is occurring and constitutes an important factor which will require 
further consideration. Indeed, in order to obtain an enantiopure brominated product, the 
undesired racemic exchange will have to be eliminated or at least reduced by using more 
appropriate conditions. 
 
 
1. 4. Proposed work. 
 
Our continued research will aim to acquire a better understanding of the mode of action of our 
catalyst Ph-IBAM 118 in the brominating system. Such knowledge will allow for the development 
of more appropriate reaction conditions and for the design of a more reactive and selective 
catalyst. 
 
It was initially proposed to carry out NMR spectroscopic studies in order to verify the stability of 
Ph-IBAM towards the possible NBS oxidation of the chiral amidine rings into achiral imidazoles 
(Scheme 43). 
 
 
Scheme 43: possible oxidation pathway. 
  
Simultaneously, we decided to synthesise p-methoxy analogue 130, with the aim of increasing 
the electron-density on the iodine atom and therefore facilitate its oxidative insertion into the N-
Br bond to form the hypervalent reactive species (Figure 18). 
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Figure 18: (R,R)-p-MeO-Ph-IBAM 130 structure. 
 
Depending on the results obtained when using p-MeO-Ph-IBAM 130 as catalyst, more 
analogues will be designed, synthesised and tested in our brominating system. 
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Chapter 2: Towards the asymmetric bromination of alkenes. 
 
 
2. 1. Design and attempted synthesis of a new catalyst. 
 
2. 1. 1. Starting hypothesis. 
 
When the project wasinitiated, it was hypothesised that the bromine atom provided by N-
bromosuccinimide was involved in the formation of a hypervalent N-I-Br bond with Ph-IBAM 118. 
As the catalyst is chiral, it was thought it would deliver the bromine atom in an asymmetric 
fashion to the substrate, meaning that the bromonium ion would preferentially form on one face 
of the carbon-carbon double bond of the substrate. However, in all cases only racemic products 
were obtained, except when using (±)-2-cyclopentene-1-acetic acid 119 where a partial kinetic 
resolution must be operating to deliver a product with low enantiomeric excess (11%).50 These 
results had then been attributed to the rapid exchange of bromonium ion occurring between 
alkenes. This phenomenon allowed for catastrophic racemisation of the bromonium ion during 
the reaction. 
In order to ensure that the previous results were reproducible, the brominating system was re-
explored. Firstly, more Ph-IBAM 118 was synthesised following the route previously developed 
within the group (see Chapter 1. 4. 2. 2.).50,51 
 
Initially, enantiopure (R,R)-diamine 131 was prepared (see Chapter 5.), starting from 
benzaldehyde and hexamethyldisilazane (HMDS).52 The obtained amarine 132 was isomerised 
to racemic iso-amarine 133 and enantiomeric resolution was achieved by fractional 
recrystallisation of the (S)-mandelic acid diastereoisomeric salts.53 Subsequent hydrolyses, firstly 
using aqueous hydrochloric acid and secondly hydrobromic acid in acetic acid, afforded 
enantiopure (R,R)-DPEN 131 in 17% overall yield (Scheme 44).53 
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Scheme 44: synthesis of (R,R)-DPEN 131 . 
 
Similarly, resolution of iso-amarine (±)-133 with (R)-mandelic acid, followed by subsequent 
acidic hydrolyses, afforded enantiomer (S,S)-131 in 16% overall yield (Scheme 45).53 
 
 
Scheme 45: synthesis of (S,S)-DPEN 131. 
 
With enantiopure diamines (+)-131 and (-)-131 in hand, the synthesis of both enantiomers of 
catalyst 118 was undertaken, starting from 2,6-dicyanoiodobenzene 116. Formation of bis-
aldehyde 117 was achieved by reduction of bis-cyanide 116 with diisobutylaluminium hydride. 
Subsequent condensation of diamine (R,R)-131 onto bis-aldehyde 117 gave bis-aminal (R,R)-
135 which was further oxidised by a one-pot addition of NBS to form bis-amidine (R,R)-118 in 
54% overall yield (Scheme 46).50,51 
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Scheme 46: synthesis of (R,R)-Ph-IBAM 118. 
 
Similarly, synthesis of enantiomer (S,S)-118 was achieved by condensation of diamine (S,S)-
131 onto bis-aldehyde 117 and subsequent one-pot oxidation allowed for the formation of 
enantiomerically pure (S,S)-Ph-IBAM in 78% yield (Scheme 47).50 
 
 
 Scheme 48: synthesis of (S,S)-Ph-IBAM 118.  
 
Once the catalysts were synthesised, the asymmetric bromination of (±)-2-cyclopentene-1-acetic 
acid 119 was carried out. A consistent yield (48%) as well as a similar e.e. (11%) as the ones 
previously reported (53%, 11%)50 were obtained when (R,R)-118 was used as a catalyst, 
confirming the exactitude of the results (Scheme 49). 
 
 55 
 
Scheme 49: catalytic bromolactonisation of 119. 
 
 
2. 1. 2. Attempts to synthesise p-MeO-Ph-IBAM. 
 
2. 1. 2. 1. Hypothesis. 
 
It was postulated that replacement of p-hydrogen in the Ph-IBAM structure for p-methoxy would 
allow for a more facile oxidative insertion of the now electron rich aryl iodide into the nitrogen-
bromine bond, thus enhancing the formation of the desired hypervalent species (Figure 19).  
 
 
Figure 19: proposed hypothesis. 
 
Chiral para-methoxy-Ph-IBAM 130 was identified as a suitable candidate to investigate the 
effects of such a modification on the course of the catalytic asymmetric bromination reaction. 
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2. 1. 2. 2. First synthetic route attempted. 
 
The initial synthetic route designed followed a similar strategy as previously employed for the 
synthesis of Ph-IBAM (c.f. Scheme 46). The installation of the methoxy group was envisaged at 
the start of the synthesis (Scheme 50). 
 
 
Scheme 50: First proposed route. 
 
Accordingly, 1,3-dibomo-5-fluorobenzene 136 was treated with sodium methoxide and via an 
aromatic nucleophilic substitution afforded anisole 137 in 70% yield.54 In the next step, 1,1’-bis-
(diphenylphosphino)ferrocene was used to complex tris(dibenzylideneacetone)dipalladium-(0) to 
form the cyanating catalyst in situ and the reaction using zinc cyanide in hot DMF afforded the 
desired bis-cyanobenzene 139 in 43% yield.54 Unfortunately, the subsequent ortho-
lithiation/iodination step, which had previously been used to prepare dicyanoiodide 116 (c.f. 
Scheme 37),55 led to the formation of an inseparable mixture of mono and bis-iodinated products 
140 and 141, in 27% and 23% yields respectively (Scheme 51). 
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Scheme 51: attempted synthesis of 3,5-dicyano-4-iodo-anisole 140. 
 
It was imperative to successfully achieve the isolation of the pure mono-iodinated product 140 at 
this stage. However, multiple attempted purifications by silica gel chromatography columns were 
unsuccessful and this route was abandoned. 
 
 
2. 1. 2. 3. Second synthetic route attempted. 
 
An alternative synthetic route was then proposed. The first step involved the Duff bis-formylation 
of p-methoxyphenol 142 using hexamine.56 The remaining phenol would then be transformed 
into a leaving group by formation of its triflate 14457 and subsequent SNAr with iodide as 
nucleophile would afford the iodinated bis-aldehyde product 138 (Scheme 52). 
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Scheme 52: second proposed route. 
 
The Duff reaction was attempted numerous times without any success and it was thought that 
instead of having to perform a bis-formylation reaction, the same bis-aldehyde 143 could be 
obtained via double oxidation of dihydroxymethylphenol 145 (Scheme 53). 
 
 
Scheme 53: Oxidation of triol 145 to the bis-aldehyde 143. 
 
Diol 145 was available to us in house at Imperial College from another research group. It was 
initially subjected to a Dess-Martin periodinane oxidation58 which unfortunately led to the 
formation of very small quantities of mono and bis-aldehyde as judged by inspection of the crude 
1H-NMR, as well as the formation of a multitude of unidentified impurities.  
 
Another oxidation methodology was investigated and the Parikh-Doering protocol, which uses a 
SO3-pyridine complex in a 1.1:1 mixture of DMSO/triethylamine, was employed.
59 Even though 
the TLC analysis revealed the full consumption of the starting material, no organic compound 
related to the desired system 143 was obtained after aqueous work-up and further extractions of 
the aqueous layer with diethyl ether did not allow for the recovery of further mass. The worrying 
possibility of the formation of a water-soluble quinone arose.60 Indeed, activation of the benzylic 
alcohol by the electrophilic oxidising agent and subsequent nucleophilic capture of the methyl 
group from the oxonium would lead to the formation of dihydroxyquinone 146 (Scheme 54). 
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Scheme 54: possible mechanism for the formation of quinone 146. 
 
In order to avoid potential quinone formation, the order of the steps was reversed so that the 
alcohol of the phenol would be turned into a triflate prior to the oxidation of the benzylic alcohols 
(Scheme 55).  
 
 
Scheme 55: revised approach. 
 
Despite the TLC analysis revealing the full consumption of the starting material after 1 h, none of 
the triflated product 147 could be isolated. It is possible that a similar oxidative route leading to 
the formation of quinone 146 as the one reported above had taken place (Figure 20). 
 
 
Figure 20: potential quinone formation. 
 
At this stage, it was decided that this synthetic route would be abandoned. 
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2. 1. 2. 4. Third synthetic route attempted. 
 
A final route to afford the bis-aldehyde 138 was conceived, whereby the initial steps had 
previously been reported by Bugarin and Connels.61 Methylation of the oxygen atom of 3,5-
dimethylphenol 149 afforded substituted anisole 150 in 88% yield. Subsequent para-iodination 
afforded 151 in 72% yield. Regardless of the inseparable traces of mono and bis-iodinated 
products observed by analysis of the 1H-NMR spectra, the product was used as such in the next 
step. Oxidation of the two methyl groups by potassium permanganate gave, after a difficult 
purification by silica gel chromatography column, the pure mono-iodinated bis-acid 152 in 20% 
yield (Scheme 56).61 
 
 
Scheme 56: synthesis of the bis-acid 152. 
 
Direct reduction of the bis-acid 152 to the bis-diol using LiAlH4 at room temperature or 
NaAlH(tBuO)3 at reflux in THF only afforded a complex mixture of products.
62 Spectroscopic 
analyses of the crude reaction mixtures revealed that no desired product was formed. The di-
acid was converted to the diester in order to examine its reduction instead. In situ generation of 
diazomethane by reaction between potassium hydroxide and N-nitroso-N-methylurea, allowed 
for the formation of bis-methyl ester 153 in 70% yield (Scheme 57). 
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Scheme 57: formation of the bis-methyl ester 153. 
 
In order to achieve the bis-reduction, various reducing agents were screened (Table 5). 
 
Table 5: various reducing agents utilised. 
 
 
 
Entry [red] Equivalents Solvent T (°C) Products of the reactiona 
1 DIBAL-H 2 THF r.t. 153, 100%b 
2 LiAlH4 4.4 THF r.t. 153, 100%
b 
3 LiAlH4 4.4 THF Reflux 153 66% + 154 30%
c 
4 NaAlH(tBuO)3 4.4 THF Reflux 153 47% + 155 23% + 156 7%
c 
5 NaBH4 4.4 THF Reflux 153 52% + 155 16% + 156 5%
c 
6 NaBH4 4.4 EtOH Reflux 153 50% + 155 10% + 156 7%
c 
7 Na 63 2 Butanol Reflux 153, 100%b 
a. After 24 h. 
b. yields calculated from crude 1H-NMR spectrum analysis. 
c. yields obtained after silica gel chromatographic purification, the different products were not separated. 
 
 
 
 62 
Unfortunately, none of the conditions succeeded in affording the desired bis-aldehyde as the 
right balance between too reactive and too weak a reducing agent was not found. The reaction 
using LiAlH4 successfully reduced the bis-ester to the diol but also promoted the deiodination of 
the ring (Table 5, entries 2 and 3, Scheme 58). 
 
 
Scheme 58: reduction with LiAlH4. 
 
On the other hand, the sodium containing reagents failed to achieve a full reduction and always 
yielded a mixture composed of starting material 153, some mono-reduced product 155 and 
traces of product 156 (Table 5, entries 4 to 6). Several attempts to force the reaction to proceed 
to completion failed (Scheme 59).  
 
 
Scheme 59: reduction using sodium containing reducing agents. 
 
After having tried to synthesise p-MeO-Ph-IBAM 130 via several synthetic pathways without 
success, the idea of preparing such a catalyst was not further pursued. This decision was 
reinforced by the outcome of spectroscopic experiments carried out in parallel. Our efforts to 
characterise the nature of the brominated catalyst revealed an unexpected outcome. The results 
 63 
discussed below will refute the hypothesis demonstrating the postulated advantage of using p-
MeO-Ph-IBAM as a catalyst, therefore rendering its synthesis irrelevant. 
 
2. 2. Mechanistic studies. 
 
2. 2. 1. NMR spectroscopic analysis. 
 
In order to study the nature of Ph-IBAM-Br adduct 157, a variable temperature NMR study of a 
1:1 mixture of the two reagents was performed (Scheme 60). 
 
 
Scheme 60: formation of the brominated catalyst. 
 
Equimolar amounts of Ph-IBAM (R,R)-118 and NBS were introduced into an NMR tube and 
solubilised in CDCl3 before acquiring the spectra data of the mixture at different temperatures, 
starting at -55°C and going up to 25°C. By analysis of 1H-NMR spectra, it was found that an 
equilibrium exists between the NBS and the brominated catalyst 157. Conveniently it appeared 
that NBS and succinimide have different shifts, at 2.4 and 2.6 ppm respectively (Figure 21).  
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Figure 21: 1H-NMR spectra of (R,R)-Ph-IBAM 118 + NBS over time. 
 
At low temperatures (-55°C), the conversion from Ph-IBAM (R,R)-118 to the Ph-IBAM-Br adduct 
(R,R)-157 agent was 60%, leaving 40% of the unreacted NBS in solution. As the sample was 
slowly warmed up in the NMR machine, the equilibrium between the two species was displaced 
towards full consumption of NBS, therefore full bromination of the catalyst (Figure 22). Upon 
cooling, the 3:2 equilibrium was restored, indicating that the bromination of IBAM was a 
reversible reaction. 
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Figure 22: enlargement of the previous 1H-NMR spectra. 
 
These 1H-NMR studies also confirmed the stability of Ph-IBAM-Br adduct (R,R)-157 in solution. 
The possibility of aromatisation of the catalyst during the reaction had been addressed whilst 
carrying out our experiments. Aromatisation could have occurred via deprotonation of the 
brominated Ph-IBAM (R,R)-157 by an amidine group of another Ph-IBAM molecule (Scheme 
61). This would have resulted in the loss of bromine as well as the formation of an achiral 
imidazole ring, leading to the formation of achiral catalyst 129 and therefore the racemic delivery 
of the bromine to the alkene substrate. 
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Scheme 61: possible catalyst aromatisation pathway. 
 
If such a side-reaction had occurred, the signal for the benzylic protons at 4.69 ppm would have 
either disappeared or would no longer integrate as four protons. Fortunately, this was not 
observed and the integration of the benzylic protons remained as 4 H, even after having been 
left in solution for an extended period of time.  
Analyses of the 1H-NMR spectra therefore confirmed our hypothesis of a reversible exchange of 
bromine atom between NBS and Ph-IBAM. This proved the existence of such a brominating 
catalyst and furthermore proved it to be resistant towards aromatisation. 
Yet, the data observed in the 13C-NMR spectrum analysis appeared to be inconsistent with the 
proposed active catalyst structure with an N-I-Br bond. The synthesis of bromoiodinane 107 from 
2-(2-iodophenyl)-propan-2-ol 106 had been achieved previously within the group and its 
structure had been confirmed by X-ray crystallography.45 Comparison of the 13C-NMR spectra of 
the bromoiodinane 107 and the starting alcohol 106 displayed a characteristic shift of the iodine 
bearing carbon (Figure 23 ). As shown below, the position of the peak for the carbon bearing 
the iodine was shifted from 99.8 ppm for the alcohol 106, to 111.9 ppm for the gem-
dimethyliodinane 107, a difference of 12.1 ppm (Figure 24).  
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Figure 23: 13C-NMR spectrum of alcohol 106 
  
Figure 24: 13C-NMR spectrum of bromoiodinane 107 
 
99.8 ppm 
111.9 ppm 
 68 
In accordance with this observation, a shift of similar magnitude was expected between the 
peaks of the iodine bearing carbon of Ph-IBAM 118 and the one of brominated adduct 157. 
Surprisingly, it was found that the C-I of Ph-IBAM 118 resonated at 95.29 ppm whereas the one 
of Ph-IBAM-Br adduct 157 resonated at 95.43 ppm, or a difference of only 0.14 ppm. This 
observation cast much doubt over the existence of the hypervalent iodine moiety 157 (Figure 25 
and 26).  
 
    
Spectra 25: 13C-NMR spectrum of Ph-IBAM 118. 
95.29 ppm 
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Figure 26: 13C-NMR spectrum of a 1:1 mixture of Ph-IBAM and NBS 
 
It has previously been acknowledged from analysis of the 1H-NMR spectrum that the formation 
of succinimide in the NMR tube was due to the transfer of the bromine atom from the N-
bromosuccinimide to Ph-IBAM 118, therefore proving the formation of a chiral brominated 
adduct. However, it seems that rather than forming an N-I-Br hypervalent bond (157), the 
bromine atom from the NBS had simply been acquired by the lone pair of the nitrogen of the 
amidine ring to form an N-Br bond (159, Scheme 62). 
 
 
Scheme 62: potential structures of the Ph-IBAM-Br adduct. 
 
 
95.43 ppm 
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2. 2. 2. X-ray crystallography analysis. 
 
Despite our best efforts, crystals of the brominated catalyst could not be obtained, but 
crystallographic data previously acquired within the group for both the gem-dimethyliodinane 
107 and Ph-IBAM 118 allowed us to understand the reasons why the hypervalent iodine species 
did not appear to form (Figure 27).50 
 
 
 
 
Figure 27: X-Ray crystal structures of 107 and 118. 
 
By superimposing the two X-ray crystal structures, it is clear that in the Ph-IBAM system, the 
formation of the N-I-Br hypervalent species is not possible. It is apparent from the images below 
that the formation of such a bond would have placed the bromine atom such that it would clash 
with the amidine ring (Figure 28). It is evident that in actuality there is no space for the bromine 
atom to exist in this position. 
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Figure 28: ball and stick and Van der Vaals representation of the superimposed images. 
 
In conclusion, after analysis of different spectroscopic and crystallographic data, we have been 
able to assess the likely structure of the brominated catalyst formed from the reaction between 
Ph-IBAM (R,R)-118 and NBS. Our initial hypothesis of the formation of a hypervalent iodinated 
species proved to be inaccurate and instead it is clear that the N-Br adduct 159 is formed 
instead (Figure 29). 
 
 
Figure 29: structure of Ph-IBAM-Br adduct involved during the catalytic asymmetric 
bromination of alkenes. 
 
 
2. 3. Asymmetric bromination. 
 
2. 3. 1. Hypothesis. 
 
After having reassessed the structure of our asymmetric brominating moiety, the mechanism of 
the reaction in the presence of the alkene was reviewed. We have demonstrated that in solution, 
even at low temperatures, NBS was delivering its bromine atom to the amidine ring of the 
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catalyst. Previous work within the group also proved that at -78°C, the reaction between NBS 
and 2-cyclopentene-1-acetic acid did not proceed, suggesting that at such temperatures, any 
product formation would have to proceed via bromine delivery from the catalyst. So we 
postulated that using previously optimised conditions (8h, -78°C),50 the formation of 
bromolactone 120 could only occur if NBS was initially reacting with Ph-IBAM to form the N-Br 
brominated catalyst 159, which would then deliver the bromine to the alkene. Delivery of the 
bromine atom from a chiral catalyst scaffold could then account for the observed 
enantioselection (Scheme 63). 
   
Scheme 63: mechanism for the asymmetric bromination of 119. 
 
 
2. 3. 2. pKa values. 
 
After further careful consideration of this proposed mode of action, it became apparent that the 
pKa value of the conjugated acid of the amidine ring of Ph-IBAM is 16, whereas the one of acidic 
substrate 119 is 4. Therefore, in the reaction solution, these two compounds must be forming a 
salt, or even perhaps a bis-salt. In the reaction mixture the amount of carboxylic acid substrate is 
twenty times greater than the amount of Ph-IBAM catalyst, so under the conditions used to carry 
out our asymmetric bromination reaction, the catalyst could not be available to react with NBS, 
therefore the mechanism of the reaction proposed above is incorrect.  
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2. 3. 3. Revised mechanism. 
 
If the bromine atom has not been delivered to the alkene via mediation of catalyst (R,R)-118, it 
therefore must have been provided by NBS. But as reported previously, under the low 
temperature conditions used for the reaction, NBS and (±)-2-cyclopentene-1-acetic acid 119 do 
not afford any bromolactone. So it must be that the formation of the salt between the carboxylic 
acid of 119 and the amidine ring of 118 accelerated the rate of the lactonisation. Since the 
carboxylate is now negatively charged, this is a reasonable supposition (assuming fast and 
reversible bromonium ion formation on the alkenes, Scheme 64). 
 
 
Scheme 64: general mechanistic pathway for the bromolactonisation reaction using 
(R,R)-118. 
 
Bis-amidine Ph-IBAM (R,R)-118 being chiral, its complexation with racemic alkene substrate 119 
will allow for the preferential formation of one diastereoisomeric salt over the other. Therefore, 
this implies that one enantiomer of the racemic starting material will be consumed more rapidly 
than the other. As only 0.5 equivalents of NBS are introduced into the reaction mixture, the 
product afforded is expected to be enantio-enriched, hence the 11% e.e. previously observed. 
Ideally, the kinetic resolution would be such as only one enantiomer of the alkene would be 
selected to form a salt with the catalyst, which would subsequently allow for the obtention of 
enantiopure bromolactone 120 (Scheme 65). 
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Scheme 65: ideal kinetic resolution of (±)-2-cyclopentene-1-acetic 119 acid using (R,R)-
118. 
 
In order to validate such a mode of action, we proposed to conduct the same bromination 
reaction on the esterified analogue. If the previous reaction was proceeding through the 
formation of a salt, the presence of the ester would now render it impossible. No 
diastereoisomeric salt would be formed, thus no kinetic resolution would occur and the 
enantiomeric excess of the product would be zero. TMS and trityl esters,64,65 160 and 161 
respectively, were synthesised but the crude material was found to hydrolyse during purification 
by silica gel chromatography process and only starting material was recovered. With tBu-esters 
being less susceptible to acidic hydrolysis, the pure compound 162 was obtained in 84% yield 
(Scheme 66).66 
 
 
Scheme 66: esterification of (±)-2-cyclopentene-1-acetic acid 119. 
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It was subsequently used as a substrate for the bromination reaction and as expected, both the 
test reaction and the one in presence of the catalyst afforded a 0% e.e. (Scheme 67). 
 
 
Scheme 67: bromination of the ester analogue 162. 
 
To conclude, it was understood and proven that under the conditions of the catalytic reaction 
using (±)-2-cyclopentene-1-acetic acid as a substrate, the bromination of the catalyst by NBS is 
not occurring. Instead, a kinetic resolution of the substrate is operating via mono or bis-
diasteroisomeric salt formation with the amidine rings of Ph-IBAM 118. 
 
 
2. 4. Design and synthesis of new catalysts. 
 
Having analysed and understood the mechanistic pathway undertaken by all the components 
during the bromolactonisation reaction, we decided to synthesise a variety of bis-amidines. The 
aim was to improve the kinetic resolution by enhancing the ability of the amidine ring to select 
one diastereoisomeric salt over the other. In order to increase this selectivity, various strategies 
were considered, such as increasing the steric bulk on the amidine and varying the distance 
between the two amidines of the catalyst. 
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2. 4. 1. Synthesis of various IBAM and 1,3-BAM. 
 
The first property of the catalyst to be investigated was the size of the amidine ring substituents. 
Our hypothesis was that bulkier groups would help to increase the diastereoisomeric ratio of the 
salt formed by restricting one of the enantiomers of alkene 119 from interacting with the catalyst. 
However, the choice of the substituents was limited by the necessity of the corresponding 
enantiopure 1,2-disubstituted-diethylene-1,2-diamines to be commercially available. Diamines 
with tert-butyl and mesityl groups were selected as suitable moieties in order to impart the 
desired properties (Figure 29). 
 
 
Figure 29: structures of the two commercially available diamines. 
 
Accordingly, starting from previously prepared iodo-dialdehyde 117, tBu-IBAM (R,R)-166 was 
synthesised in 59% yield, by condensation with diamine 163 to form bis-aminal 165, followed by 
oxidation using NBS (Scheme 68).51 
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Scheme 68: synthesis of tBu-IBAM (R,R)-166. 
 
Similarly, starting from mesityl diamine 164, the synthesis of Mes-IBAM (R,R)-167 was 
accomplished in 48% yield (Scheme 69).51 
 
 
Scheme 69: synthesis of Mes-IBAM (R,R)-167. 
 
Also, as it appeared that the iodine atom was not involved in the bromination process, some 
non-iodinated analogues of IBAM (denoted BAM) were prepared. Ph-BAM (R,R)-168 and Mes-
BAM (R,R)-169 were obtained following a similar synthetic approach as for the IBAM derivatives. 
Condensation of diamines (R,R)-131 and (R,R)-164 with commercially available 
isophthaldialdehyde 170 afforded their respective bis-aminals, which were subsequently 
oxidised to the final bis-amidines 168 and 169, in 65% and 42% yield respectively (Scheme 
70).51 
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Scheme 70: synthesis of BAM analogues 168 and 169. 
 
Following our hypothesis, if installing bulkier groups on the catalyst would increase the selectivity 
of salt formation, it seemed likely that a less sterically encumbered catalyst should see its 
specificity decreased. In order to validate this assumption, attempts to synthesise bis-amidine 
172 were pursued, but unfortunately only an unidentified polymerised compound containing an 
imine moiety was recovered (Scheme 71). 
 
 
Scheme 71: attempted synthesis of bis-amidine 172. 
 
As (2R)-1,2-diaminopropane 171 was the only small mono-substituted chiral diamine 
commercially available, no further investigations were pursued.  
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2. 4. 2. Synthesis of 1,4-BAM derivatives and discovery of an unexpected rearrangement. 
 
The other property of the catalyst that we wished to modify was the distance between the two 
amidine functionalities. It was postulated that a larger or smaller gap between the two rings may 
allow a better conformational fit for the selection of one of the two enantiomers of the alkene 
substrate, which would thus increase the diastereoisomeric ratio of the salt formed. 
Consequently, we decided to synthesise both 1,4-BAM and 1,2-BAM derivatives (Figure 30). 
 
 
Figure 30: general structures of 1,4-BAM and 1,2-BAM 
 
 
 
2. 4. 2. 1. Synthesis of 1,4-BAM derivatives. 
 
Utilising the same methodology as for the synthesis of the 1,3-BAM derivatives, 1,4-Ph-BAM 
(R,R)-173 and 1,4-Mes-BAM (R,R)-174 were obtained by condensation of the respective 
diamines 131 and 164 with terephthaldialdehyde 175. The non-isolated bis-aminals were 
subsequently oxidised to the final bis-amidines 173 and 174, in 86% and 44% yield, respectively 
(Scheme 72).51 
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Scheme 72: synthesis of 1,4-Ph-BAM (R,R)-173 and 1,4-Mes-BAM (R,R)-174. 
 
 
2. 4. 2. 2. Attempts to form 1,2-BAM derivatives and an unexpected rearrangement. 
 
Our efforts then turned to the synthesis of 1,2-BAM derivatives. Once again, the reaction was 
intended to proceed via the condensation/oxidation pathway previously used and the first 
synthesis attempted involved the reaction of diamine 131 with phthaldialdehyde 176. 
Surprisingly, the analyses of the crude products of the condensation clearly revealed the 
formation of one major product, but none of the NMR data was consistent with that expected for 
the bis-aminal 177. The crude material was then treated with NBS but no reaction occurred. 
Analysis by 1H-NMR revealed that the composition of the recovered material was identical to the 
starting mixture.  After collecting a range of spectroscopic data, it became apparent that an 
unexpected rearrangement must have taken place subsequently to the condensation reaction 
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and the product, isolated in 72% yield, was assigned as the (2R,3R)-2,3-diphenyl-3,5-dihydro-
2H-imidazole-[2,1]-isoindole 178 (Scheme 73).51   
 
 
Scheme 73: unexpected formation of the rearranged product 178. 
 
The reaction was also performed with ethylene-1,2-diamine and the analogous rearranged 
product 179 was obtained (Scheme 74).51 
 
 
Scheme 74: synthesis of 179. 
 
Several conditions were investigated in order to optimise the yield of the reaction. Whether it 
was being carried out in neat diamine or in solution in either toluene or dichloromethane, the 
yield of the reaction remained constant albeit with varying the efforts required for purification 
(Table 6). 
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Table 6: different conditions utilised in order to optimise the reaction. 
Entry 182 (eq.) Solvent Conc. (M) Time Yield (%) Observations 
1 2 Toluene 0.15 2 h - clean product not isolated 
2 4 Toluene 0.15 2 h - crude product not isolated 
3 1 CH2Cl2 1.5 30 min 60% 
Although the crude product 
was relatively clean, 
removal of the small impurities 
present proved to be difficult 
4 2 CH2Cl2 0.15 2 h 55% 
One column afforded a clean 
product 
5 10 CH2Cl2 0.15 2 h 60% 
One column afforded a clean 
product 
6 5 n/a n/a 10 min 59% 
Two columns were required to 
separate the excess diamine 
from the product 
  
Any differences between the different conditions used were only observed during the purification 
process. The product (179) was found to be remarkably polar: accessing the pure material 
required the elution of the silica gel chromatography column with at least 10% of methanol in 
ethyl acetate. Quite often this process resulted in the co-elution of small quantities of impurities 
or some unreacted diamine with the desired product. The optimised conditions for the reaction 
were therefore the ones that resulted in the most facile purification process and 0.15 M solution 
in dichloromethane with ten equivalents of diamine over a period of 2h were found to be the best 
(Table 6, entry 5). Unfortunately, due to the high cost of the chiral diamines that were used, 
such conditions were not viable and it was decided that just two equivalents of diamine, in 
dichloromethane (0.15 M) for 2 h should be used as a general protocol. 
 
 
2. 4. 2. 3. Synthesis of analogues. 
 
To our knowledge, the synthesis of substituted enantiomerically pure 3,5-dihydro-2H-imidazole-
[2,1]-isoindoles have never been reported in the literature. In order to investigate if such a 
methodology would be applicable to the use of any 1,2-aromatic bis-aldehydes or any 
substituted 1,2-diamines, a small library of compounds was designed and synthesised. In each 
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reaction, the dialdehyde was solubilised in dry dichloromethane (0.15 M) and two equivalents of 
diamine were added. The reaction mixture was left to stir, at room temperature, until full 
consumption of dialdehyde was observed by TLC analysis was observed. The solvent was the 
removed under reduced pressure and further purification by silica gel chromatography afforded 
the following products in moderate to good yields (Table 7). It was observed that when starting 
from thiophene dialdehyde 181 (entry 5) or when using unsymmetrical diamine 171 (entry 1), 
the condensation was not regioselective and therefore afforded the formation of both possible 
regioisomeric products.51  
 
Table 7: various analogues synthesised. 
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Entry Dialdehyde Diamine Time Productsa 
1 176 (R)-171 2 h 
 
2 176 (R,R)-164 4 h 
 
3 180 182 4 h 
 
4 180 (S,S)-131 16 h 
 
5 181 (S,S)-131 4 h 30 
 
      a All reactions performed with 2 eq. of diamine in dichloromethane at rt. 
 
 
However, two of the attempted syntheses failed to produce the anticipated rearranged 
compound. The condensation between 2,3-thiophenedicarbaldehyde 181 and ethylene-1,2-
diamine 182 afforded a product that unexpectedly decomposed on silica gel or when undergoing 
an aqueous work-up. By analysis of the crude spectroscopic data, it was concluded that in this 
case the reaction had led to the complete formation of the non cyclic bis-imine 188, itself in 
equilibrium with its bis-aminal form 189. In order to fully characterise the product, the crude bis-
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aminal was oxidised to the bis-amidine 190 via the usual NBS-mediated oxidation (Scheme 75). 
The reaction did proceed, although only affording 10% of the anticipated bis-amidine product 
(190). This indicates that the bis-imine form is predominant over the bis-aminal one in the 
equilibrium existing between the two species. 
 
 
Scheme 75: synthesis of 190. 
 
A second reaction affording a further unexpected product was the condensation between 
(1R,2R)-1,2-cyclohexanediamine 191 and phthaldialdehyde 176. Due to the rigidity conferred by 
the cyclohexane ring, there is less flexibility between the two amine groups and therefore 
instead of reacting stoichiometrically, the diamine condensed with two molecules of bis-
aldehyde. Subsequent dearomatisation/rearomatisation rearrangement afforded bis-lactam 192 
(Scheme 76).  
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Scheme 76: formation of bis-lactam 192. 
 
 
2. 4. 2. 4. Mechanism for the condensation/rearrangement reaction. 
 
Having demonstrated the general applicability of the condensation-rearrangement reaction, its 
mechanistic pathway was investigated. Two different pathways were postulated for the 
generation of such 3,5-dihydro-2H-imidazole-[2,1]-isoindole products. On the one hand, it could 
be arising from the formation of an eight-membered ring hemi-aminal 193, which would then 
undergo a Cannizzaro-type hydride transfer to form lactam 194 and further 
condensation/dehydration would afford the final product (Scheme 77).67 
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Scheme 77: first mechanism proposed. 
 
On the other hand, a similar outcome could be obtained by formation of bis-hemi-aminal 195, 
which by subsequent intramolecular attack of the second amine onto the ensuing iminium ion 
196 would give the aminal product 197. As suggested by Takahashi,68 elimination of water would 
occur at this stage and further tautomerisation would generate the most stable product 179 
(Scheme 78). 
 
 
Scheme 78: second mechanism proposed. 
 
In order to determine with certainty the mechanistic pathway undertaken, it was proposed to 
carry out the condensation using the bis-deuterated labelled bis-aldehyde 200 with diamine 182. 
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Indeed, depending on the mechanism followed, the product of the reaction would contain either 
one atom of deuterium or it would have retained the two (Scheme 79). 
 
 
Scheme 79: possible outcome depending on the mechanism followed. 
 
The synthesis of the deuterated phthaldialdehyde 200 has previously been reported by Barton in 
1971, via reduction of the bis-amide 199 using LiAlD4. Bis-amide 199 was prepared in 100% 
yield by reaction of the bis-acid chloride 198 with dimethylamine (Scheme 80).69 
 
 
Scheme 80: synthesis of bis-amide 199. 
 
Due to the high cost of the deuterated reducing agent, a test reaction using regular LiAlH4 was 
performed following the same conditions as described by Barton. Unexpectedly, all of the 
starting material was recovered with no conversion to product. Several conditions were then 
examined but none of them delivered the required product, either no reaction occurred or only 
slight conversion to phthalide 201 was observed (Scheme 81, Table 8). 
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Scheme 81: hydride reduction of bis-amide 199. 
 
Table 8: attempted conditions for the reduction of 199. 
Entry LiAlH4 (eq.) Conc. (M) Temperature Time Product 
1 1.5 0.13 r.t. 18 h SM 
2 1.5 0.1 r.t. 18 h SM 
3 3 0.18 Reflux 3 days SM/phthalide 201, 85:5 
4 10 0.9 Reflux 2 days SM/phthalide 201, 80:20 
5 10 0.09 Reflux 2 days SM 
6 10 1.5 Reflux 18 h SM 
  
In a final attempt, the reduction was performed using deuterated LiAlD4 and after aqueous work-
up, 13% of the desired deuterated product was obtained (Scheme 82). The rest of the mass 
presumably remained in the aqueous layer and even after multiple extractions no further product 
was recovered.69 
 
 
Scheme 82: preparation of the bis-deuterated aldehyde 200. 
 
Finally, the condensation reaction was carried out and the product was obtained in 35% yield 
(Scheme 83).51 
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Scheme 83: Condensation using the bis-deuterated phthaldialdehyde 
 
Analysis of the 1H-NMR spectrum revealed that only 45% of the deuterium had been retained in 
the product, therefore proving that the mechanism involving the Cannizzaro type hydride transfer 
was not the one operating. The extra unexpected 5% of depletion can be attributed to the 
possible presence of a small amount of non-deuterated bis-aldehyde (2.5%) in the starting 
material. 
 
 
2. 4. 3. Conclusion. 
 
In conclusion, a variety of bis-amidine derivatives have been synthesised and are ready to be 
tested in our kinetic resolution system. Attempted synthesis of the desired 1,2-BAM derivatives 
led to the discovery of a new type of condensation reaction as well as an easy route to access a 
new class of isoindole compounds. The mechanism of this unexpected rearrangement was 
investigated and eventually uncovered. 
 
 
2. 5. Screening of the various catalysts in the kinetic system. 
 
2. 5. 1. Optimisation of the conditions. 
 
Previous work within the group had already been carried out in order to optimise all the different 
parameters of the attempted catalytic asymmetric bromination reaction. It was found that the 
reaction proceeded with the highest enantioselectivity when carried out at -78°C, in a 0.025 M 
solution, using 5 molar % of catalyst for 8 hours.50 Various solvents had also been screened and 
dichloromethane proved to be the most appropriate one. The last parameter that remained to be 
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set was the choice of the bromonium ion source and therefore both the available NBS and 
TBCO were tested in the reaction system (Scheme 84, Table 9) 
 
 
Scheme 84: optimisation of the bromination reaction. 
 
Table 9: screening the Br+ source. 
Entry Br+ source (0.5eq) Yield (%) e.e. (%) 
1 NBS 48 11 
2 TBCO 24 10 
 
Although affording comparable enantiomeric excesses, the reaction conducted with NBS gave 
the better yield. 
 
 
2. 5. 2. Screening of the different catalysts. 
 
The modified bis-amidine catalysts as well as some of the rearranged isoindoles synthesised 
previously were screened in the bromination reaction, using the optimised conditions discussed 
above. 2,6-Di[(4R,5R)-4,5-phenyl-4,5-dihydro-1H-imidazol-2-yl]-1-phenylbenzene 203 and 2,6-
Di[(4R,5R)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2-yl]-1-hexylbenzene 204 were provided by 
another member of the group (Scheme 85, Table 10).70 
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Scheme 85: screening the catalysts. 
 
Table 10: results of the catalysis. 
Entry Catalyst (5 mol%) Yield (%) e.e. (%) 
1 tBu-IBAM 166 16 3 
2 Ph-BAM 168 75 2 
3 1,4-Ph-BAM 173 75 0 
4 Ph-isoindole 178 53 0 
5 Mes-IBAM 167 56 0 
6 Mes-BAM 169 25 8 
7 1,4-Mes-BAM 174 75 3 
8 Mes-isolindole 184  51 0 
9 Ph-Ph-BAM 203 75 0 
10 Hex-Ph-BAM 204 80 0 
  
Unfortunately, no improvement in the enantioselectivity of the bromonium ion formation was 
observed but nonetheless, a few conclusions could still be drawn from these results. 
Firstly, the deiodinated Ph-BAM catalyst 168 did not afford a similar e.e. to its iodinated 
analogue 118 (Entry 2). Despite the iodine atom no longer being implicated in the formation of 
 93 
the N-I-Br bond, its presence must be forcing the amidine rings to twist in a conformation which 
increases the chiral induction of the reactive pocket. Substituting the iodine atom by a phenyl or 
a hexyl group was expected to be giving similar results, but in both these cases no e.e. was 
recorded. These two substituents must not be big enough in space to inflict a similar twisting of 
the rings (Entries 9 and 10). 
Secondly, it was understood that increasing the bulk on each side of the amidines did not 
increase the ability of the catalyst to form one diastereoisomeric salt over the other as our 
hypothesis suggested (Entries 1 and 5).  
Finally, distancing the two amidine rings from a meta to a para-position annihilated completely 
the small selectivity observed with the 1,3 substituted species. The gap between the two 
amidines is now too large to produce an effective kinetic resolution (Entries 2, 3, 6 and 7).  
 
After carrying out these experiments, only one parameter was left to be modified in order to try to 
optimise the enantiomeric excess observed for the kinetic resolution and a different alkene 
substrate was then designed. 
 
 
2. 6. Allyl-mandelic acid as a substrate. 
 
Previous work within the group had reported the use of (R) or (S)-mandelic acid to resolve the 
racemic iso-amarine 133 in very high yield by a fractional recrystallisation process. The salt that 
precipitated during the reaction was diastereomerically pure. (R,R)-Ph-IBAM 118 being a 
substructure of iso-amarine, it seemed reasonable to postulate that a good chirality match and 
therefore a good diastereomeric excess would be observed, if this one was to form a salt with 
the appropriately selected hand of mandelic acid. As a substrate for the bromination reaction 
must contain an alkene bond, a derivative of mandelic acid had to be designed. It seemed 
appropriate to believe that such diastereomeric selectivity would be retained if the alkene chain 
was implanted on the alcohol and therefore O-allyl-mandelic acid 208 was chosen as a suitable 
substrate.  
Starting from racemic mandelic acid, the synthesis of the substrate was achieved in three steps. 
The protection of the acid via formation of the methyl ester 20671 was followed by allylation of the 
free alcohol. The reaction conducted in presence of ally lchloride and silver oxide at either room 
temperature or reflux only led to the full recovery of the starting material. However, action of the 
more reactive ally bromide/silver oxide system allowed the full conversion of the starting material 
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to product 207.72 Subsequent saponification restored the presence of the acid function and the 
pure product was isolated in 97% overall yield (Scheme 86).73 
 
 
Scheme 86: synthesis of O-allyl mandelic acid. 
 
Concerning the bromination reaction, the first parameter to be established was the way the 
enantiomeric excess of the reaction would be determined. Two possibilities were available, the 
ratio could be either obtained by analysis of the product mixture or by examination of the 
recovered unreacted starting material. A test bromination reaction was performed using NBS 
(0.5 eq.) in dichloromethane and after 8 h, 20% of a 5:6 diastereomeric mixture of products 
(R*,S*) and (R*,R*)-209 and was isolated and 58% of starting material was recovered (Scheme 
87). 
 
 95 
 
Scheme 87: Bromination of racemic O-allyl mandelic acid 208. 
 
Following the first possibility, the product mixture was analysed by HPLC and the separation of 
the diasteroisomers using a normal phase column was successfully accomplished. 
Unfortunately, the enantiomers proved to be inseparable when run though any of the chiral 
columns at our disposal. Therefore, using this method to analyse the composition of the product, 
we would only be able to provide the diasteroisomeric ratio afforded by the reaction but the 
enantiomeric excess would not be quantified. Our attention then turned to the alternative option 
which would see the ratio determined by analysis of the unreacted starting material. As the 
enantiomers of alkene 208 are also not separable by chiral HPLC, it was thought that the αD 
value would be able to provide the proportion of (R) versus (S) of the O-allyl-mandelic acid 
recovered and thus, the enantiomeric composition of the product. In order to do so, the αD value 
of the enantiopure O-allyl-mandelic acid needed to be known. (R)-Compound 208 was 
synthesised following the same route as the one described for the racemate, only this time 
starting from enantiopure (R)-mandelic acid 205 (Scheme 88). 
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Scheme 88: synthesis of enantiopure (R)-allyl-mandelic acid. 
 
The final product was isolated in 80% overall yield and the value of its optical rotation is -104 
(c=1, CH2Cl2).  
 
Before starting to screen various catalytic conditions for the bromination process, a test reaction 
was run without incorporating the catalyst in order to assess the extent of the background 
reaction that could be occurring in the catalytic system, simultaneously to the kinetic resolution 
(Scheme 89). 
 
 
Scheme 89: test reaction without catalyst. 
 
The analysis of this results demonstrate that in the catalytic system, if the kinetic resolution was 
to proceed in an optimal fashion, the maximum of racemic product formed due to the 
background reaction would be 7%. 
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All the necessary information for the analysis of the product content having been acquired, the 
alkene was finally exposed to the catalytic brominating conditions. Firstly, the same conditions 
as for the optimised bromolactonisation of (±)-2-cyclopentene-1-acetic acid 119 were used. 
However, as this was a new system, it was decided to conduct the reaction screening different 
solvents in order to find the most appropriate one (Table 11). It is important to note that while 
carrying all these reactions, the purified product was never isolated and therefore the yields are 
given for the starting material that was cleanly recovered from the final work up. 
 
Table 11: catalytic bromination at -78°C. 
Entry 
IBAM 
(eq.) 
NBS 
(eq.) 
Solvent C (mol.L-1) 
T°C and 
time 
SM 
recovered 
e.e. 
1 0.05 0.5 CH2Cl2 0.024 -78°C, 8 h 53% 0% 
2 0.05 0.5 Ether 0.024 -78°C, 8 h 56% 0% 
3 0.05 0.5 Acetone 0.024 -78°C, 8 h 52% 0% 
4 0.05 0.5 CH2Cl2 0.075 -78°C, 8 h 50% 0% 
5 0.05 0.5 CH2Cl2 0.015 -78°C, 8 h 20% 0% 
 
Whilst these reactions were proceeding, it was noted that their solutions had turned cloudy. It 
was hypothesised that the lack of enantiomeric excess observed could be coming from the poor 
solubility of the substrate-catalyst salt formed, which may have precipitated out of solution at 
such low temperature. The reaction mixture would have then been achiral, only leaving NBS and 
the alkene in solution, therefore affording the racemic product 209. 
In order to overcome this solubility inconvenience, the same set of reaction was performed again 
at higher temperatures (Table 12). 
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Table 12: catalytic bromination at various temperatures. 
Entry 
IBAM 
(eq.) 
NBS 
(eq.) 
Solvent C (mol.L-1) 
T°C and 
time 
SM recovered e.e. 
1 0.05 0.5 CH2Cl2 0.024 -45°C, 8 h 35% 0% 
2 0.05 0.5 Acetone 0.024 -45°C, 8 h 45% 0% 
3 0.05 0.5 Ether 0.024 -45°C, 8 h 71% 0% 
4 0.05 0.5 CH2Cl2 0.024 -20°C, 8 h 41.5% 0% 
5 0.05 0.5 Acetone 0.024 -20°C, 8 h 40% 0% 
6 0.05 0.5 Ether 0.024 -20°C, 8 h 78% 0% 
7 0.05 0.5 CH2Cl2 0.024 0°C, 8 h 17% 2% 
 
The same precipitation phenomenon was observed for the reactions conducted at -45°C and 
again at -20°C, even though the particles seemed less dense (entries 1-6). A beginning of 
selectivity was observed when a 2% enantiomeric excess was obtained for the reaction carried 
out in dichloromethane, at 0°C (entry 7). At this temperature, no cloudiness of the solutions was 
observed and in the hope to increase the selectivity of the kinetic resolution, the reaction was 
carried out at room temperature and various parameters were screened (Table 13). 
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Table 13: catalytic bromination at room temperature. 
Entry 
IBAM 
(eq.) 
NBS 
(eq.) 
Solvent C (mol.L-1) 
T°C and 
time 
SM recovered e.e. 
1 0.05 0.5 Acetone 0.024 r.t., 8 h 45% 2% 
2 0.05 0.5 Ether 0.024 r.t., 8 h 60% 0% 
3 0.05 0.5 Hexane 0.024 r.t., 8 h 58% 0% 
4 0.05 0.5 iPrOH 0.024 r.t., 8 h 44% 0% 
5 0.05 0.5 DMF 0.024 r.t., 1 h - - 
6 0.05 0.5 CH2Cl2 0.024 r.t., 8 h 36% 4% 
7 0.05 0.5 CH2Cl2 0.078 r.t., 8 h 15.3% 2% 
8 0.05 0.5 CH2Cl2 0.156 r.t., 8 h 50% 0% 
9 0.05 0.5 CH2Cl2 0.010 r.t., 8 h 6.5% 0% 
10 0.05 0.5 CH2Cl2 0.005 r.t., 8 h 12% 0% 
11 0.01 0.5 CH2Cl2 0.024 r.t., 8 h 31% 3% 
12 0.25 0.5 CH2Cl2 0.024 r.t., 8 h 28% 4% 
13 0.1 0.5 CH2Cl2 0.024 r.t., 8 h 30% 3% 
14 0.5 0.5 CH2Cl2 0.024 r.t., 8 h 15% 2.5% 
15 0.05 0.75 CH2Cl2 0.024 r.t., 8 h 14% 13% 
 
Firstly, the reactions at room temperature were run using different solvents and only the one 
conducted in acetone afforded a comparable enantiomeric excess to the one previously 
obtained (entry 1). The reaction in iso-propanol led to the formation of racemic product due to 
the insolubility of the catalyst in this environment, once again preventing the kinetic resolution to 
take place (entry 4). Concerning the reaction in DMF, an orange colouration of the reaction 
mixture developed rapidly, indicating the generation of molecular bromine in situ (Entry 5). As 
this reaction was not proceeding through the desired mechanistic pathway, the reaction was 
stopped after an hour and no analysis of the recovered starting material was undertaken. 
Returning to the reactions in dichloromethane, increasing the temperature from 0°C to room 
temperature raised the enantiomeric excess from 2% to 4% (entry 6). Neither fluctuating the 
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concentration of the reaction, nor varying the amount of catalyst present in solution led to any 
improvement of the selectivity observed (entries 7-14). Finally, increasing the amount of NBS 
from 0.5 to 0.75 equivalents had an effect on the kinetic discrimination and the enantiomeric 
excess increased from 4% to 13% (entry 15). 
 
Further temperatures and also various solvents were utilised in the hope to increase the 
selectivity of the reaction but no success was encountered (Table 14). 
 
Table 14: catalytic bromination conducted at high temperatures. 
Entry 
IBAM 
(eq.) 
NBS 
(eq.) 
Solvent C (mol.L-1) 
T°C and 
time 
SM 
recovered 
e.e. 
1 0.05 0.75 CH2Cl2 0.024 45°C, 8 h 41% 13% 
2 0.05 0.5 CH2Cl2 0.024 45°C, 8 h 38% 5.5% 
3 0.05 0.5 CHCl3 0.024 62°C, 8 h 33% 3% 
4 0.05 0.5 DCE 0.024 83°C, 8 h 28% 3% 
5 0.05 0.5 Chlorobenzene 0.024 131°C, 8 h 37% 0% 
 
After many attempts, it was understood that using O-allyl-mandelic acid 108 as a substrate 
would not lead to the obtention of an efficient resolution. Even though the resolution of iso-
amarine 133 can be accomplished by salt formation with mandelic acid in 100% d.e. and despite 
the fact that Ph-IBAM 118 is a substructure of 133, the modified acid (108) is not a compatible 
substrate for the achievement of such selective salt formation. 
 
 
2. 7. Conclusion. 
 
When the project was initially undertaken, it was considered that the reaction for 
bromolactonisation of 119 catalysed by chiral Ph-IBAM 118 was proceeding through the 
formation of a chiral hypervalent iodine species.50 
During the course of our studies, it was revealed that this mechanism had been misconceived as 
the observed spectroscopic data of the system demonstrated otherwise. When NBS was reacted 
with Ph-IBAM in dichloromethane, the brominated adduct Ph-IBAM-Br formed does not contain a 
hypervalent N-I-Br bond (157) but simply an N-Br bond (159, Scheme 90). 
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Scheme 90: existing brominated species of the catalyst. 
 
Furthermore, it was shown that, in our reaction system, due to the basicity of the amidine ring, 
the bromolactonisation would proceed through the formation of a diastereoisomeric salt between 
the acid 119 and the catalyst 118. This therefore suggested that a kinetic resolution of the 
substrate was taking place instead of an asymmetric bromination (Scheme 91). Such a 
hypothesis was proved to be true as when the reaction was carried out utilising the esterified 
substrate, unable to form a salt with the catalyst, the e.e. of the reaction went from 11% to 0%.  
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Scheme 91: mechanism of the reaction in the bromolactonisation system. 
 
Once this new information was digested, a variety of catalysts were designed, synthesised and 
screened in the hope to improve the kinetic resolution selectivity. A particular rearrangement 
giving access to the one step formation of isoindoles was discovered and its mechanism was 
elucidated (Scheme 92).51 
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Scheme 92: mechanism of the one pot isoindole formation. 
 
Finally, a substrate thought to be more appropriated for the formation of an enriched 
diastereoisomeric salt with the catalyst was designed and synthesised. Despite many attempts 
to optimise the conditions to render the reaction more enantioselective, a maximum of 13% e.e. 
was obtained. 
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Chapter 3: Towards the asymmetric dibromination of alkenes. 
 
 
3. 1. Concept. 
 
3. 1. 1. Proposed hypothesis. 
 
In the previous chapter, we demonstrated that in solution, bis-amidine (R,R)-Ph-IBAM 118 was 
reacting with NBS to produce the N-brominated species 159 and succinimide. As the bis-
amidine is chiral, its brominated analogue should ideally be able to deliver the bromine atom 
selectively to one face of an alkene carbon-carbon bond in order to form an asymmetric 
bromonium ion. In the reaction system previously used, the presence of an acidic proton on the 
alkene species 119 prevented the in-situ generation of the brominated catalyst 159. This is due 
to the fact that the secondary nitrogens of the amidine rings were already engaged in the 
formation of a salt with the substrate. Nevertheless, if the bromination reaction was to be carried 
out using a non-acidic alkene substrate, the brominated Ph-IBAM 159 would be able to form in 
the reaction mixture and the generation of an asymmetric bromonium ion would have the 
possibility to proceed (Scheme 93). 
 
 
Scheme 93: generation of an enantiopure bromonium ion. 
 
In order to isolate a stable product, the reaction would have to be conducted in the presence of 
an additional nucleophile, to open the generated bromonium ion. 
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3. 1. 2. Use of an alcohol as nucleophile. 
 
The utilisation of an alyphatic-alcohol was proposed to be the most appropriate. As their pKa 
value is greater than 15, no salt formation with the catalyst would occur. Moreover, the presence 
of an alkoxy group in the final bromo-ether product would facilitate the separation of its 
diastereoisomers and enantiomers by chiral HPLC, simplifying the analysis of the mixture. 
Another advantage of using an alcohol as the nucleophile is that it could be used either in 
stoichiometric amounts or in larger quantities as a solvent for the reaction.  
In order to establish the optimum conditions for the reaction to proceed, it was decided to 
perform the bromo-ether formation using symmetric trans-stilbene 210 as the substrate and 
methanol as the nucleophile (Scheme 94). Various conditions were employed but no conversion 
to product was recorded and every time the full amount of starting alkene was recovered (Table 
15). 
 
 
Scheme 94: bromoetherification of trans-stilbene 210. 
 
Table 15: various conditions screened. 
Entry 
Catalyst 
(mol %) 
NBS 
(eq.) 
MeOH 
(eq.) 
Solvent 
Conc. 
(M) 
T°C and 
time 
Product of the 
reaction 
1 5 1 1.1 CH2Cl2 0.1 -78°C, 24h Starting material 
2 5 1 Excess -- 0.1 -78°C, 24h Starting material 
3 5 1 1.1 CH2Cl2 0.1 -55°C, 48h Starting material 
4 100 1 1.1 CH2Cl2 0.1 -55°C, 48h Starting material 
 
Firstly, the reaction conducted in the presence of 1.1 equivalents of methanol at -78°C did not 
allow for the dissolution of trans-stilbene in the mixture, thus rendering the bromination unable to 
proceed (entry 1). Switching the solvent from dichloromethane to pure methanol did not improve 
the solubility of the substrate and once again no reaction could proceed (entry 2). Subsequently, 
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the same reaction as entry 1 was  repeated, only this time the temperature of the solution was 
slowly raised, until reaching the full dissolution of all the components (-55°C, entry 3) but again, 
after 48h, no reaction was observed. Similarly, attempts to accelerate the rate of the bromonium 
ion formation by utilising one equivalent of catalyst failed to afford any product (entry 4). 
At this stage, it became apparent that one of the reagents in the reaction mixture was not 
behaving as expected and further investigations were carried out. When reviewing the literature, 
it was found that the factor disrupting the bromination process was the previously unconsidered 
interaction between the Br+ source (NBS or the brominated catalyst 159) and the alcohol.74 
Indeed, the mild oxidation of primary and more particularly secondary alcohols by NBS has often 
been reported and its mechanism discussed. Various kinetic studies, conducted by multiple 
research groups,74 have converged to the conclusion of a concerted mechanism, whereby the 
ability of the nitrogen atom of NBS to deprotonate the alcohol moiety, induces the formation the 
corresponding aldehyde (or ketone depending of the nature of the starting alcohol), as well as 
succinimide and hydrogen bromide (Scheme 95). Such a reaction would be doubly deleterious 
for our system as besides consuming all the nucleophile meant to open the bromonium ion, the 
liberation of HBr in solution would protonate Ph-IBAM and therefore prevent the catalysis from 
proceeding.74 
 
 
Scheme 95: NBS oxidation of a primary alcohol into its corresponding aldehyde. 
 
In our case, the presence of oxidised alcohol in the product mixture was not identified. 
Formaldehyde being highly volatile, it would have been fully evaporated during the work-up, 
whilst removing the solvent under reduced pressure.  
 
In order to prevent this undesirable reaction from occurring in our brominating system, methanol 
was switched for a tertiary alcohol and tert-butanol was elected as a suitable candidate. The 
absence of a geminal proton next to the alcohol absolutely prevents any oxidation reaction and 
thus should maintain the presence of a nucleophile in the reaction (Scheme 96).  
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Scheme 96: bromoetherification conducted in presence of tert-butanol 
 
Unfortunately, no reaction was observed and again the full amount of starting material was 
recovered. This lack of reactivity was attributed to the bulk of tert-butanol which might be a 
limiting factor for the nucleophilic opening of the bromonium ion to proceed. 
No further investigations were carried out and it was decided to change the nucleophile of the 
reaction altogether.  
 
 
3. 2. Reaction utilising stoichiometric amounts of molecular bromine.   
 
3. 2. 1. Hypothesis. 
 
In order to be able to successfully achieve the formation of a bromonium ion via generation of a 
brominated catalyst in situ, it was necessary to alter the choice of our nucleophile. At this point, it 
appeared that conducting the reaction in presence of molecular bromine instead of NBS would 
be a better option, as it is a source of both electrophilic and nucleophilic bromine. No additional 
nucleophile would be required in the reaction mixture and therefore, no undesirable side reaction 
would be able to occur as the attack of Br+ source 159 by the nucleophile would only regenerate 
the starting molecular bromine (Scheme 97).  
 
 
Scheme 97: reversible bromination of the amidine ring of IBAM 
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However, molecular bromine being much more reactive than NBS, the non-asymmetric 
background reaction occurring directly between Br2 and the alkene would have to be limited by 
utilising Ph-IBAM at least in stoichiometric amounts, if not excess. This would allow for the 
displacement of the equilibrium in favour of the full formation of the brominated asymmetric 
species, therefore leaving a minimum of molecular bromine to react racemically with the alkene. 
This will ensure that most of the bromonium ion formed during the reaction would have 
proceeded through the formation of an asymmetric source of Br+ (Scheme 98). 
 
 
Scheme 98: displacement of the equilibrium towards the formation of the asymmetric 
bromine source. 
 
 
3. 2. 2. Stability of the chiral promoter towards molecular bromine. 
 
As a precaution, the compatibility between molecular bromine and the chiral Ph-IBAM had to be 
verified before starting to screen various conditions aiming to optimise the asymmetric 
bromination process. Test reactions were run in order to ensure the stability of Ph-IBAM towards 
the potential Br2 oxidation of the amidine rings into imidazoles. Such a process would render the 
moiety achiral and therefore no asymmetric induction would be conceivable any longer during 
the alkene’s asymmetric bromination reaction (Scheme 99). 
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Scheme 99: potential oxidation of Ph-IBAM into bis-imidazole species 129. 
 
The asymmetric moiety (R,R)-118 was stirred with one equivalent of a 0.015 M solution of 
molecular bromine in dichloromethane and the reaction was left to stir at room temperature, 
overnight. The reaction was then quenched with a saturated aqueous solution of sodium 
bisulphite and was further washed several times with distilled water, to afford the crude product 
with 100% mass recovery. The spectrometric analyses of the crude product only showed the 
presence of only one compound of which the data matched the initial (R,R)-Ph-IBAM 118. The 
presence of the four benzylic protons at 4.69 ppm in the 1H-NMR spectrum remained and 
accordingly, no peaks belonging to the presence of an imidazole appeared in the 13C-NMR 
spectrum. Mass spectrometry analysis consistently displayed a [M+H+] peak at m/z = 645. 
Finally, the optical rotation of the bis-amidine after the experiment was essentially unchanged 
compared to the originally synthesised Ph-IBAM (+87.9 versus +88.2 respectively). This reaction 
was carried out again this time using two equivalents of a 0.03 M solution of bromine in 
dichloromethane, and after two days of stirring at room temperature, the analyses revealed the 
same outcome as for the reaction discussed above. Therefore, we were able to affirm with 
certainty that under the low temperature conditions that would be used to conduct the 
asymmetric bromination reaction, no oxidation of the amidines would be observed. 
Whilst carrying out these experiments, an interesting observation was made. When the 
molecular bromine solution was added by syringe into the one of Ph-IBAM 118, its orange colour 
faded away to produce a light yellow coloured solution. The disappearance of the orange colour 
could be observed up until the addition of 0.7 equivalents of molecular bromine. After that, the 
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yellow solution was too bright to differentiate clearly the disappearance of the colour from its 
dilution. This was encouraging as it seemed to confirm the stoichiometric reaction between Br2 
and the amidine ring of Ph-IBAM. 
 
 
3. 3. Attempted asymmetric dibromination of alkenes. 
 
3. 3. 1.  Trans-β-methylstyrene. 
 
Being confident that IBAM would retain its chirality throughout the alkene’s bromination process, 
the IBAM/Br2 reaction system was first applied to the synthesis of 2,3-dibromo-3-phenylpropane 
214 (Scheme 100). A variety of conditions were screened and for each reaction, the crude 
material was purified by silica gel column chromatography (Table 16). This process enabled the 
recovery of Ph-IBAM after each reaction, rendering the bis-amidine 118 reusable, which 
compensated for the fact that the brominating system was not catalytic anymore. The 
diastereoisomeric composition of the dibromo-product isolated was obtained by inspection of its 
1H-NMR spectrum, and the ratio of enantiomers was determined by chiral HPLC analysis. It also 
implicitly reconfirmed that the chiral agent was not destroyed under our reaction conditions. 
 
 
Scheme 100: asymmetric bromination of trans-β-methylstyrene 213. 
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Table 16: various conditions utilised to conduct the reaction. 
Entry Br2 (eq.) 
(R,R)-118 
(eq.) 
Conc. (M) T(°C) and time Yield (%) d.e. (%)a e.e. (%) 
1 1 -- 0.15 r.t., 5 min 100 90 0 
2 0.9 1 0.018 r.t., 50 min 95  99 0 
3 0.9 1 0.018 reflux, 30 min 97  90 0 
4 0.9 1 0.018 -78, 6 h 76 100 8 
5 0.9 1 0.018 -78, 6 h 62 100 10 
6 0.9 1 0.018 -78, 1 h 49  100 12 
7 0.9 1 0.062 -78, 6 h 90  100 12 
8 0.9 1 0.0062 -78, 6 h 50  100 12 
9 0.5 1 0.018 -78, 6 h 39  100 10 
10 0.9 5 0.018 -78, 6 h 0 n/a n/a 
a. in all the d.e. reported, trans-214 is the major diastereoisomer. 
 
In order to collect all the data necessary for the analysis of the isomeric composition of the 
product formed from the different asymmetric brominations, it was necessary to synthesise the 
racemic dibromide 214 first. The complete conversion of methylstyrene into its dibrominated 
analogue was achieved in less than five minutes at room temperature and a 95:5 mixture of 
diastereoisomers was isolated (Entry 1). Passing the sample through chiral HPLC did not afford 
a baseline separation of the two major enantiomers, but the trace was judged suitable for the 
observation of an enantiomeric excess if one was to be induced in the following asymmetric 
reactions. Firstly, even if no enantiomeric excess was recorded, it was interesting to notice that 
the bromination of trans-stilbene carried out in presence of (R,R)-Ph-IBAM (1 eq.) at room 
temperature proceeded ten times slower than the racemic one (Entry 2). At such temperature it 
was accepted that the proportion of racemic background reaction would remain important when 
conducting the bromination. Nonetheless, this diminution of speed observed for the product 
formation proved that in the reaction solution, the molecular bromine was simultaneously 
engaged into the generation of the brominated chiral amidine 159 as well as the direct reaction 
with the alkene. Similarly, the asymmetric bromination conducted at reflux only allowed for the 
full consumption of the alkene in 30 minutes (Entry 3). Concerning the reactions carried out at 
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low temperature, various conditions were screened and whereas the yields were fluctuating, the 
enantiomeric excess afforded remained constant at an average of 10% (Entries 4 to 9). Solely 
for the reaction proceeding with five equivalents of (R,R)-Ph-IBAM was a different outcome 
monitored. No reaction occurred and only the full amount of starting material was recovered 
(Entry 10). It was proposed as an explanation that the elevated concentration of bis-amidine 
118 in the solution favoured the exchange of bromine from one amidine ring to another, 
therefore preventing the alkene from reacting with the bromonium ion source.  
In order to assess the accuracy of the 10% of enantiomeric excess measured during the 
previous experiment (Entry 5), especially as the peaks observed by chiral HPLC were not 
baseline separated, it was proposed to conduct the same reaction using the other enantiomer of 
Ph-IBAM, (S,S)-118 as a source of chirality. The product isolated should also display a 10% e.e., 
however this time in favour of the other enantiomer of dibromide 214. The reaction was achieved 
using the same conditions as for entry 3 with one equivalent of (S,S)-Ph-IBAM (S,S)-118 for 0.9 
equivalent of molecular bromine and the product was isolated in 50% yield (Scheme 101).  
 
 
Scheme 101: asymmetric bromination of trans-phenyl-propene using (S,S)-Ph-IBAM 118. 
 
Unfortunately, according to the chiral HPLC trace, only a 3% e.e. in favour of the same hand as 
the one predominantly synthesised when using (R,R)-Ph-IBAM was observed (Traces 1 and 2).  
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Trace 1: enantiomeric mixture of dibromide 214 synthesised in the presence of Ph-IBAM 
(R,R)-118 (entry 5). 
 
  
Trace 2: enantiomeric mixture of dibromide 214 synthesised in the presence of Ph-IBAM 
(S,S)-118. 
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It was then understood that the separation obtained for the enantiomers of 214 by chiral HPLC 
was not good enough to draw any conclusion about the level of enantiomeric excess reached 
during the reaction. A complete baseline separation of the enantiomers is necessary in order to 
be able to effectuate an unambiguous reading of the e.e. afforded by the asymmetric reaction 
and in the future, the choice of alkene substrate will be determined by its ability to fulfil such an 
imperative.  
 
 
3. 3. 2. Trans-anethole. 
 
3. 3. 2. 1. Synthesis of the racemic product. 
 
In order to enhance the ability of the dibrominated enantiomers to fully separate on the chiral 
HPLC column, it was decided to incorporate a polar functional group in the starting alkene and 
thus trans-anethole 215 was designated as an eligible substrate. 
As a test reaction, the bromination was performed simply using one equivalent of molecular 
bromine at room temperature. The full conversion to product was achieved in two minutes. 
However, when the crude material was purified by silica gel column chromatography, no 
expected dibromo-compound 216 was recovered but instead bromohydrin 217 was isolated in 
60% yield (Scheme 102). Further investigation revealed that during the reaction, a 3:1 
diastereomeric mixture ((S*,R*):(R*,R*)) of 1-(1,2-dibromopropyl)-4-methoxybenzene 216 had 
been formed. The dibromide remained stable during the aqueous work-up but under the slightly 
acidic conditions of the silica gel, it was converted to its corresponding bromohydrin 217 with 
retention of the 3:1 diastereomeric ratio ((R*,R*):(S*,R*)). 
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Scheme 102: bromination of trans-anethole. 
 
Interestingly, the separation of the different bromohydrin isomers by chiral HPLC proved to be 
very satisfying, with the retention time difference between the two main enantiomers being 
greater than 40 seconds. The minor diastereoisomer was also observed (with both enantiomers 
fully separated) and its relative integration compared to the one of the major diasteroisomer 
confirmed the 3:1 ratio observed previously by 1H-NMR (Trace 3). 
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Trace 3: 3:1 diastereomeric mixture of racemic bromohydrin 217. 
 
Before conducting the dibromination of trans-anethole in the presence of the chiral promoter, the 
mechanism of the degradation of dibromide 216 into bromohydrin 217 had to be elucidated. 
Indeed, it was essential to insure that no racemisation was occurring during the nucleophilic 
substitution process otherwise the data obtained for the final bromohydrin would be 
unrepresentative of the enantioselectivity induced during the dibromination, therefore rendering 
their analysis meaningless. 
 
 
3. 3. 2. 2. Investigation of the mechanism involved in the bromohydrin formation.  
 
Several mechanisms can be proposed for the formation of the bromohydrin. The substitution of 
the bromine atom by water could be proceeding through the nucleophilic attack of the lone pair 
of the oxygen in either a SN2 fashion, or in a two-stage SN1 manner. If the SN2 mechanism was 
operating, the bromohydrin would have the exact same enantiomeric composition as the 
dibromide initially formed, with the exception that the diastereomeric ratio would be reversed. 
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The major dibromide diastereoisomer would then be the minor one in the bromohydrin (Scheme 
103). 
 
 
Scheme 103:  ratio predicted for the formation of bromohydrin if proceeding through a 
SN2 mechanism. 
 
On the other hand, if a SN1 mechanism were to occur, once the benzylic carbocation had been 
generated, two different pathways could be followed for the formation of the bromohydrin. 
Firstly, the positive charge could be quenched by attack of water. In this case, the benzylic 
carbocation could be stabilised by resonance to form the oxonium ion mesomer 218. And 
secondly, the benzylic carbocation could be stabilised by attack of the lone pair of the vicinal 
bromine atom to regenerate the bromonium ion 219 initially obtained during the previous 
bromination reaction (Scheme 104). 
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Scheme 104: ratio predicted for the formation of bromohydrin if proceeding through a SN1 
mechanism. 
 
In all the cases, the enantiomeric excess obtained for the bromohydrin would have remained 
identical to the one of the dibromide produced during the asymmetric dibromination reaction. 
However, the positively charged intermediate being chiral, each of its faces will be requiring a 
different energy level for the nucleophilic attack of water to proceed. Therefore, the 
diastereomeric excess of the bromohydrin cannot be predicted without conducting complex 
physical calculations, which exceed the scope of this investigation. 
 
The second possibility would be that, as discussed above, the bromonium ion could be restored 
via neighbouring group participation, but this time, instead of being directly opened by water, the 
presence of the bromide anion would completely debrominate the positively charged moiety, to 
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afford the starting alkene 215 and molecular bromine. The subsequent formation of bromohydrin 
217 on silica gel would then proceed via a racemic route exclusively (Scheme 105).  
 
 
Scheme 105: last possible mechanism for the bromohydrin formation. 
 
In order to elucidate which mechanistic pathway was involved during the bromohydrin formation, 
we decided to synthesise an enantiopure sample of 1-(1,2-dibromopropyl)-4-methoxybenzene 
216 and to analyse the isomeric composition of the corresponding bromohydrin  217 obtained 
after hydrolysis (Scheme 106).  
 
 
Scheme 106: proposed experiment. 
 
If the hydrolysis proceeds through an SN2 mechanism, then a single enantiopure product will be 
recovered. If it follows an SN1 pathway with direct quenching of the positive charge by the lone 
pair of the oxygen of the water, then an enantiopure product containing a mixture of 
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diastereoismers will be obtained. Finally, if the hydrolysis process involves the temporary 
generation of molecular bromine, then the bromohydrin isolated will contain a racemic mixture of 
both diastereoisomers (Table 17). 
 
Table 17: predicted outcome for each mechanistic route potentially undertaken for the 
bromohydrin formation. 
Entry Hydrolysis mechanism d.e. of 217 expected e.e. of 217expected 
1 SN2 100% 100% 
2 SN1 <100% 100% 
3 Br2 generation n/a 0% 
 
Our strategy to access enantiopure dibromide 216 was to proceed via a Sharpless asymmetric 
dihydroxylation of trans-anethole 215,75 subsequently followed by a double Appel reaction,76 in 
order to substitute both hydroxyl groups with a bromine atom via a SN2 mechanism (Scheme 
107). 
 
 
Scheme 107: attempted formation of enantiopure 1-(1,2-dibromopropyl)-4-
methoxybenzene 216. 
 
The formation of the enantiopure bis-hydroxyl compound proceeded as expected in 72% yield 
with a 96% e.e.75 However, after carrying out the Appel reaction and silica gel purification, 1H-
NMR analysis of the bromohydrin (40% yield) showed the formation of an 11:9 ratio of 
diastereoisomers, suggesting the interception of a benzylic carbocation during the substitution 
process. Further chiral HPLC analysis revealed the mxture containing a 3:2 ratio of enantiomers 
for the main diastereoisomer. This potential racemisation implies that either during the bis-Appel 
reaction, or during the hydrolysis on silica gel, some starting alkene 215 and molecular bromine 
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were generated. In order to determine which of the two procedures induced the racemisation, 
we proposed to carry out both steps separately in the presence of one equivalent of another 
alkene. The use of trans-β-methylstyrene 213 was considered adequate as it cannot interfere in 
any undesirable way with the standard reaction process. The reaction that will generate 
molecular bromine in situ should be able to be identified by analysis of its crude 1H-NMR 
spectrum, as it will contain extra signals belonging to 1-phenyl-1,2-dibromopropane 214. 
    
Firstly, this principle was applied to the hydrolysis of 1-(1,2-dibromopropyl)-4-methoxybenzene 
216 during the purification. Similar conditions as would be present during the silica gel column 
chromatography were reproduced and the crude dibromide 216 (as a 2:1 mixture of 
diastereoisomers) was solubilised in a 1:1 mixture of petrol and diethylether, the eluent normally 
used during the purification process. One equivalent of trans-β-methylstyrene 213 was added, 
and finally some silica gel (25 mass equivalents) was added to the mixture (Scheme 108). 
 
 
Scheme 108: hydrolysis of 216 on silica gel, conducted in the presence of trans-β-
methylstyrene 213 
 
No formation of 1-phenyl-1,2-dibromopropane 214 was observed in the product NMR spectra, 
indicating that the formation of bromohydrin 217 (as a 1:2 ratio of diastereoisomers) does not 
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proceed via in situ generation of molecular bromine, but simply through a nucleophilic 
substitution mechanism (with bromonium ion formation not excluded here). Although the 
retention of diastereomeric excess seems to suggest that the hydrolysis proceeded through a 
concerted SN2 mechanism, it is possible that if a carbocation had been generated, the 
nucleophilic attack of water could have proceeded with a similar diastereomeric outcome as for 
the dibromination reaction. Unfortunately, sufficient information has not been acquired in order to 
undeniably confirm either statement. Nonetheless, the results obtained indicate that if 
asymmetry was induced during the bromination reaction, the bromohydrin isolated after 
purification will consist of the same enantiomeric excess as the dibromide initially formed. We 
can therefore conclude that determining the enantioselectivity induced during the dibromination 
reaction by analysing the isomeric composition of the pure bromohydrin is a valid and accurate 
method. 
After acquiring this information, it became evident that the racemisation had occurred during the 
Appel reaction. In order to prove that there is generation of molecular bromine, the reaction was 
performed again, starting from enantiopure diol (1S,2S)-220, with the addition of one equivalent 
of alkene 213 (Scheme 109). 
 
 
Scheme 109: Appel reaction conducted in the presence of trans-phenyl-1-propene 
 
Analysis of the crude 1H-NMR spectrum revealed the presence of a 20% yield of dibromide 214. 
This result irrefutably proves the generation of molecular bromine during the process. It was 
postulated that the O-activation of the initially-formed bromohydrin via formation of the 
intermediate phosphine oxide species 221, provides a good leaving group for neighbouring 
group participation of the adjacent bromine atom to form a bromonium ion (Scheme 110). The 
bromide anion present in the solution can then attack the bromonium ion, either to open it and 
yield the dibromo-product, or to temporarily form anethole 215 and molecular bromine. 
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Scheme 110: mechanistic pathway proposed for the in situ generation of molecular 
bromine during the Appel reaction 
 
Despite this failed attempt to obtain enantiopure dibromide 216, we have investigated and 
proposed that the hydrolysis of the dibromide into its corresponding bromohydrin occurred with 
retention of the initial level of enantiomeric excess. 
 
 
3. 3. 2. 3. Bromination of trans-anethole in the presence of chiral Ph-IBAM. 
 
Having proven the ability of bromohydrin 217 to retain the level of asymmetric induction of the 
corresponding dibromide during the hydrolysis process, we decided to perform the bromination 
of trans-anethole in the presence of our chiral promoter (Scheme 111, Table 18).  
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Scheme 111: bromination of trans-anethole in the presence of a chiral promoter 
 
Table 18: conditions used for the asymmetric bromination 
Entry (R,R)-Ph-IBAM (eq.) Br2 (eq.) yield (of  217) d.e. (%) e.e. (%) 
1 1 0.9 60% 88 0 
2 1 0.9 70% 85 0 
3 1 0.5 30% 88 0 
 
No asymmetric induction was observed for either set of conditions. Decreasing the number of 
equivalents of molecular bromine did not result in any improvement. Therefore, (R,R)-Ph-IBAM 
118 is evidently not promoting any enantioselectivity during the bromination process. 
 
 
3. 3. 3. trans-Methylcinnamate. 
 
In order to assess the generality of this result, our investigations switched to using a different 
starting alkene. It was also desirable to access a stable dibromide product in order to alleviate 
any doubts over the levels of enantiomeric excess obtained. As previously, the use of a 
commercially available substrate was sought and trans-methylcinnamate 222 was chosen as a 
suitable compound for conducting our investigations. Indeed, this alkene possesses multiple 
chromophores which are necessary for the UV detection of the product and also a polar ester 
functionality which is indispensable for the obtention of a baseline separation of all the dibromide 
isomers by chiral HPLC. Furthermore, the aromatic moiety of this alkene would not strongly 
stabilise the potential benzylic carbocation by resonance and therefore the 1,2-dibromo-product 
afforded by the asymmetric reaction should be stable on silica gel. Firstly, a test reaction was 
conducted in order to ensure the compound fulfilled these desired properties. trans-
Methylcinnamate 222 was dibrominated using one equivalent of a solution of molecular bromine 
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in dichloromethane (0.185 M) at room temperature and after one hour there was complete 
conversion to 223 (Scheme 112).   
 
 
Scheme 112: racemic dibromination of trans-methyl-cinnamate. 
 
Compared to the previous alkenes utilised, trans-methylcinnamate 222 was found to be 
significantly less reactive, with the full conversion to product 223 only attained after one hour at 
room temperature. As expected, no hydrolysis of the product on silica gel was observed and the 
pure dibromide 223 was isolated in 98% yield. By 1H-NMR analysis, the presence of only one 
diastereoisomer was detected, signifying that no carbocation was generated during the reaction. 
Unfortunately, separation of the enantiomers could not be successfully achieved using any of 
the chiral HPLC columns at our disposal and therefore the design of the starting alkene had to 
be reviewed. 
  
 
3. 3. 4. 3-Methoxy-trans-cinnamic acid methyl ester. 
 
Previous work within the group had found that incorporating a methoxy group on an aromatic 
ring of simple olefinic compounds increased the ability to separate their enantiomers on a chiral 
HPLC column. Therefore, we decided to synthesise a methoxy-substituted derivative of trans-
methylcinnamate 225 to use as a substrate in the bromination reaction. In order to avoid the 
potential formation of a stabilised benzylic carbocation during the bromination process, the 
methoxy-substituent was placed in the meta-position of the aryl moiety. Isomerically pure 3-
methoxy-trans-cinnamic acid methyl ester 225 was synthesised in one step via an aldol 
condensation between 3-methoxybenzaldehyde and methyl acetate (Scheme 113).77 
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Scheme 113: synthesis of (Z)-225. 
 
The freshly synthesised alkene was subsequently subjected to bromination, initially conducted 
under racemic conditions. After an hour, 38% of pure dibromide 226 was isolated (Scheme 
114). 
 
 
Scheme 114: racemic bromination of 3-methoxy-trans-cinnamic acid methyl ester 225. 
 
The rate of the reaction appeared to be a third slower than in the case of trans-methylcinnamate 
and as expected, no hydrolysis of the dibromo-product 226 was observed during the purification 
process. The different isomers of methyl-2,3-dibromo-3-(2-methoxyphenyl)-propionate 226 were 
separable by chiral HPLC with complete resolution.  
The reaction was then conducted in the presence of the chiral promoter, but when using our 
standard conditions at -78°C for six hours, no reaction was observed (Scheme 115, Table 19). 
Further reaction temperatures were then screened and only the one carried out at room 
temperature afforded the product, with just 3% conversion estimated by 1H-NMR spectroscopy. 
 
 
Scheme 115: attempts to asymmetrically brominate 225. 
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Table 19: various temperatures screened to achieve the bromination. 
Entry (R,R)-Ph-IBAM (eq.) Br2 (eq.) T (°C) Yield 
1 1 0.9 -78 0% 
2 1 0.9 -40 0% 
3 1 0.9 0 0% 
4 1 0.9 20 3% 
 
The 3% of product formed during the asymmetric bromination reaction conducted at room 
temperature was not isolated and therefore the enantiomeric excess of the reaction was not 
determined. It was interesting to note that even at room temperature the reaction did not 
proceed. This observation confirmed that in the reaction mixture, no molecular bromine is left 
unreacted. The equilibrium between IBAM and its brominated species is completely displaced 
towards the complete formation of the chiral brominating agent 159. This is an encouraging 
result as it implies that in the presence of the chiral bis-amidine 118, any formation of dibromide 
226 will have to proceed via the asymmetric intermediate. Therefore the generation of an 
enantiopure bromonium ion following our procedure is potentially achievable. However, in the 
case of trans-methylcinnamate 225, the reactivity of the double bond is insufficient to acquire the 
electrophilic bromine from the amidine ring and therefore no bromonium ion formation is 
observed.  
This encouraging observation resulted in further optimisation of the alkene. The same properties 
as for 225 were sought but with an increased reactivity of the double bond. (E)-1-Methoxy-3-
propen-1-yl-benzene 229 was chosen as a suitable compound. 
 
 
3. 3. 5. (E)-1-methoxy-3-propen-1-yl-benzene 
 
As (E)-1-methoxy-3-(1-propenyl)benzene 229 is not commercially available, the alkene had to 
be synthesised. It was prepared from m-anisaldehyde 224 using conditions developed by 
Warren,78 who in 1985 proposed a modification of the Wittig-Horner reaction in order to increase 
the stereoselectivity of the reaction in favour of the threo-phosphinoyl intermediate over the 
erythro one. More importantly, as the α-diphenyl-phosphinoyl alcohol is stable, it allowed the 
separation of the erythro from the threo-adduct. In our case, we were interested in isolating the 
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threo-intermediate 228, as it is the isomer which will afford the (E)-alkene upon treatment with 
base. Starting from m-anisaldehyde 224 and ethyldiphenylphosphine oxide 230, the two isomers 
were obtained and separated by silica gel column chromatography to provide separately pure 
erythro and threo-products, 227 and 228, in 68% and 17% yield, respectively. In order to 
achieve the subsequent elimination of diphenylphosphinic acid, the authors reported the use of 
one equivalent of KOH in dimethylsulfoxide. However, when this methodology was followed, only 
starting material was recovered in quantitative amount. The procedure was therefore modified 
and sodium hydride was used as a base.79 Starting from threo-compound 228, (E)-alkene 229 
was isolated in 40% yield (Scheme 116).  
 
 
Scheme 116: preparation of isomerically pure (E)-alkene 229. 
 
The conversion from phosphinoyl 228 to alkene 229 was judged to be complete by TLC 
analysis, a low yield was observed and attributed to the high volatility of the alkene product. 
Similar basic conditions for the elimination of diphenylphosphinic acid starting from the erythro-
intermediate should normally form the (Z)-alkene 229 exclusively, however once the reaction 
was complete, analysis of the product revealed the presence of a 1:1 mixture of (Z) and (E)-229. 
After screening the conditions (Table 20), it was found that conducting the reaction at 90°C in 
the presence of five equivalents of sodium hydride allowed the exclusive formation of the more 
stable (E)-isomer in 31% yield (Scheme 117). 
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Scheme 117: elimination of diphenylphosphinic acid starting from erythro-227. 
 
Table 20: screening of conditions to obtain pure (E)-alkene starting from erythro-227. 
Entry T (°C) Yield 
(Z) : (E) 
ratio 229 
Observations 
1 25 26% 1:1 n/a 
2 90 31% 0:1 Isolation of (E)-alkene only 
 
As described by Schlosser,80 the formation of (E)-alkene 229 starting from erythro-227 can be 
explained by isomerisation of intermediate 231. The more equilibration amongst intermediates, 
the higher the selectivity for (E)-alkene 229 formation. Therefore, increasing the energy 
furnished to the system by increasing the temperature of the reaction allowed for 100% 
isomerisation of (R*,S*)-231 to (R*,R*)-231, leading to the unique formation of the more stable 
(E)-alkene 229 (Scheme 118). 
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Scheme 118: isomerisation of intermediate 231. 
 
Having synthesised the desired (E)-alkene 229, the dibromination reaction was performed. 
Firstly, in order to assess the separability of the enantiomers of the product by HPLC, the 
reaction was carried out racemically using one equivalent of molecular bromine in 
dichloromethane, at room temperature. The reaction proceeded in less than five minutes and 
afforded racemic dibromide 232 in 93% yield (Scheme 119). 
 
 
Scheme 119: racemic dibromination of (E)-1-methoxy-3-(propen-1-yl)-benzene 229. 
 
The isolated product was found to contain 13% of the other diastereoisomer by analysis of the 
1H-NMR spectrum and baseline separation of all four isomers by chiral HPLC confirmed this 
number (Trace 4). 
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Figure 4: chiral HPLC trace of pure racemic 232 
 
Having proven that the (E)-alkene possesses all the required properties to be an appropriate 
substrate for bromination, the reaction was conducted in the presence of one equivalent of Ph-
IBAM. Unfortunately, for neither enantiomer of the catalyst was an enantiomeric excess 
observed when analysing the product mixture (Scheme 120, Table 21). 
 
 
Scheme 120: attempted asymmetric dibromination of (E)-229. 
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Table 21: conditions utilised for the attempted asymmetric dibromination. 
Entry Catalyst Yield d.e. e.e. 
1 (R,R)-Ph-IBAM 38% 100% 0% 
2 (S,S)-Ph-IBAM 40% 98% 0% 
 
From studying all of the information acquired from the various bromination experiments, we can 
draw the following conclusions. We know from the bromination of methyl-cinnamate 222 that at -
78°C, all the molecular bromine initially added to the reaction mixture has reacted with Ph-IBAM 
to produce the asymmetric brominated species 159. Therefore it seemed logical to propose that 
if the asymmetric bromination were to be performed with a more reactive alkene such as (E)-
methoxy-3-(propen-1-yl)-benzene 229, then asymmetric delivery of the bromine atom should be 
observed. However, no enantiomeric excess was recorded for the isolated dibromide 232. Four 
potential reasons as to why this asymmetric induction did not operate were identified. 
Firstly, the limitation of this method could be coming from the fact that the bromide anion does 
not open the enantiopure bromonium ion generated quickly enough to prevent its racemic 
exchange with the surrounding alkene that remains in the reaction mixture (Scheme 121).24,25 
 
 
Scheme 121: racemisation by bromonium ion exchange. 
 
Secondly, the racemisation could come from the fact that some molecular bromine could be 
regenerated in situ by catalytic action of the alkene. Indeed, if an enantiopure bromonium ion 
were to be generated, the bromide anion could directly attack the positively charged bromine of 
the bromonium ion instead of opening the ring. In this case the molecular bromine generated 
would be able to racemically brominate the alkene in solution (Scheme 122). 
 
 133 
 
Scheme 122: racemisation via molecular bromine generation. 
 
Thirdly, the problem could have arisen from the poor stability of the enantiopure dibromo-product 
formed, which could potentially undergo a diatropic rearrangement, leading to the formation of 
racemic dibromo-product (Scheme 123).81 
 
 
Scheme 123: racemisation due to a diatropic rearrangement. 
 
Finally, a simpler explanation would be that even though the reaction proceeds without 
complications, our asymmetric promoter (R,R) or (S,S)-Ph-IBAM 118 is not inducing any 
enantioselectivity during the bromine delivery. 
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Unfortunately, no practical investigation can easily be envisaged to either validate or refute the 
first two hypotheses. However, if some enantiopure or enantio-enriched dibromide could be 
synthesised and isolated, then its stability towards diatropic racemisation could be assessed and 
our third hypothesis would be evaluated. 
The synthesis of such a compound would have to proceed via formation of enantiopure diol 233. 
Despite the fact that a side reaction had previously been observed when the Appel reaction was 
carried out on methoxy-4-(1,2-dihydroxypropyl)-benzene 220, we decided to use this procedure 
to complete the formation of the enantiomerically pure dibromide 232. As the aryl methoxy 
substituent is now in a meta-position with relation to the alkene, no resonance form will be able 
to stabilise the potential formation of a benzylic carbocation rendering it less likely. In order to 
prove the enantiopurity of each product along the route, both enantiomers of the diol had to be 
synthesised. Starting with alkene 229, the Sharpless asymmetric dihydroxylation was performed 
using AD-mix-β and the (S,S)-1,2-diol (S,S)-233 was obtained in 93% yield and 97% e.e. 
(Scheme 124).75 In parallel, the same experiment was conducted, this time using AD-mix-α as 
the reagent and the (R,R)-vicinal diol (R,R)-233 was isolated in 90% yield and 98% e.e. 
(Scheme 124).75 
 
 
Scheme 124: synthesis of both hands of diol 233 utilising Sharpless asymmetric 
dihydroxylation. 
 
When the diols were analysed by chiral HPLC, we were pleased to observe that (R,R)-233 and 
(S,S)-233 had different retention times, of 20 min and 24 min respectively. Each product 
displayed one major peak in the chromatogram and the enantiomeric excess was found to be of 
97% and 98% respectively.   
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Having established the high enantiopurity of the diol, the bis-Appel reaction was carried out.76 
After ten hours, it was found that consumption of the starting material was complete according to 
the TLC analysis. However, a complicated mixture was recovered after work-up. Analysis of the 
1H-NMR spectrum revealed the presence of alkene 229, indicating that a side reaction similar to 
the one observed previously in the case of the p-methoxy compound had occurred. After 
chromatographic purification, the desired dibromo product 232 was isolated in 15% yield and 
chiral HPLC analysis showed an enantiomeric excess of just 8.5% (Scheme 125). 
 
 
Scheme 125: synthesis of enantio-enriched dibromide 232. 
 
Although the Appel reaction did not proceed entirely as expected, the recording of a positive e.e. 
value, was satisfying as it allowed us to assess the stability of the dibromide in solution overtime. 
The product was left in solution in dichloromethane at room temperature and its analysed 
enantiomeric composition by HPLC every 24 hours for 7 days. For this particular dibromo-
compound, if a diatropic rearrangement were to occur, the HPLC analysis should reveal a 
decrease of the e.e. observed over time, until a racemic mixture of the two enantiomers is 
obtained. However, such a phenomenon was not observed and the enantiomeric excess 
remained constant at around 8.5% (Table 22). 
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Table 22: enantiomeric excess of 232 over time. 
Entry Time (days) e.e. (%) 
1 0 8.5 
2 1 8.9 
3 2 8.7 
4 4 8.4 
5 5 8.5 
6 6 8 
7 7 8.6 
 
This data confirmed the stability of the 1,2-dibromide 232 towards diatropic rearrangement. This 
means that the dibromide obtained did not racemise after being formed but was simply produced 
as a racemate during the reaction. These results are in agreement with the ones obtained for the 
asymmetric bromination of trans-anethole. 
 
 
3. 4. Conclusion.  
 
In order to study the Ph-IBAM mediated asymmetric bromination of alkenes instead of their 
kinetic resolution, a new reaction system was designed. 
This time, the alkenes chosen did not contain any acidic protons and the opening of the 
bromonium ion generated during the reaction would occur intermolecularly, as opposed to 
intramolecularly. Therefore, an additional nucleophile had to be incorporated into the reaction 
mixture in order to trap the bromonium ion. 
After finding that the combination of NBS and alcohol was not suitable for our system, we 
decided to use molecular bromine as a source of both the electrophile Br+ and the nucleophile 
Br-. This alteration to the procedure meant that our chiral promoter (R,R)-Ph-IBAM (R,R)-118 (or 
its (S,S) analogue) had to be used in stoichiometric amounts instead of catalytically. This was 
compensated by the fact that after each reaction the chiral bis-amidine 118 could be recovered 
unaltered and re-used in the next reaction. 
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The choice of the starting alkene was also crucial and the properties required for it to be useful 
for our studies were: 
- The alkene had to be soluble in dichloromethane at -78°C; 
- Its corresponding 1,2-dibromide had to be stable enough to undergo silica gel 
chromatography; 
- The dibromide enantiomers/diastereomers had to display a baseline separation on the 
trace provided by the chiral HPLC. 
 
After having investigated several candidates, (E)-1-methoxy-3-propene-1-yl-benzene 229 was 
chosen as a suitable compound and synthesised.78 Its dibromination in the presence of our 
chiral promoter only afforded racemic product 232 and the stability of the 1,2-dibromide towards 
a diatropic rearrangement was then investigated. We then decided to synthesise an enantiopure 
sample of 1-(3-methoxyphenyl)-2,3-dihydroxypropane 233 via a Sharpless dihydroxylation,75 
subsequently followed by a bis-Appel reaction.76 The Appel reaction was found to generate 
some molecular bromine and starting alkene 229 during the process, leading to racemisation. 
Nevertheless, the desired product was obtained with 8% enantiomeric excess. The ratio of 
enantiomers was found to be stable over seven days in a dichloromethane solution at room 
temperature. This proved that over that period of time, no diatropic rearrangement had occurred 
and that the 0% e.e. obtained from the dibromination of alkene 232 in the presence of chiral Ph-
IBAM is due to another factor. 
Three potential causes preventing the reaction from proceeding selectively remain: 
- Either the racemic exchange of the bromonium ion with other surrounding alkenes is 
much faster than the nucleophilic attack by the bromide anion. In which case despite initially 
generating an enantiopure bromonium ion, no 1,2-dibromide can be formed;  
- Despite being chiral, Ph-IBAM, (S,S) or (R,R)-118, is not selective and delivers the 
bromine atom equally to both faces of the alkene, in which case a re-design of the chiral 
promoter is necessary;  
- Or finally, the mechanism of the reaction is not the one expected and the alkene 
“catalyses” the generation of molecular bromine in situ. In this case, instead of opening the 
bromonium ion, the bromide anion will sequester the Br+ and the molecular bromine formed 
which then react racemically with the surrounding alkene. 
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Chapter 4: Conclusion. 
 
 
4. 1. General conclusion. 
 
The project had been started on the basis that an 11% enantiomeric excess had previously been 
obtained within the group during the catalytic asymmetric bromolactonisation of (±)-2-
cyclopentene-1-acetic acid 119.50 The reaction, conducted in presence of NBS (0.5 eq.) and 
catalytic chiral Ph-IBAM (R,R)-118, was believed to proceed via in situ generation of chiral 
hypervalent iodine species 157 (Scheme 126). The limits to the obtention of enantiopure 
product 119 had been attributed to two potential phenomenons: 
- The racemic exchange of the bromonium ion formed with the surrounding alkene 
remaining in the solution; 
- The racemic background reaction occurring between the alkene and NBS. 
 
 
Scheme 126: ideal hypothesised mechanism. 
 
Over the course of our research, we have established that the formation of an N-I-Br bond was 
not occurring in our system and that instead, in solution, the chiral catalyst-Br source was simply 
formed from an N-Br bond. We also proved that the bromolactoniation of 119 in presence of 
chiral Ph-IBAM (R,R)-118 and NBS was not proceeding through an enantioselective delivery of 
the bromine atom by the amidine ring of the catalyst. Instead, the 11% e.e. observed in the 
product composition was emanating from a kinetic resolution of the starting alkene. The reaction 
was proceeding via the formation of a salt (234) in solution, between the acidic substrate 119 
and the basic amidine rings of catalyst (R,R)-118 (Scheme 127). 
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Scheme 127: ideal mechanism of the kinetic resolution of the substrate. 
 
In order to try to increase the diastereo-selectivity of the salt formation, a small library of bis-
amidines was designed and synthesised. The attempted formation of 1,2-bis-amidines 
uncovered an unexpected rearrangement for which the mechanism was elucidated, 
demonstrated and published (Scheme 128).51 
 
 
Scheme 128: mechanism of the unexpected rearrangement. 
 
The catalysts synthesised were tested in our brominating system, but unfortunately none of them 
succeeded in increasing the e.e. of the bromolactone product. 
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A new reaction system was then conceived, where any level of chirality present in the dibromo-
product will only be able to arise from an enantioselective delivery of the bromine atom to the 
alkene substrate. It was demonstrated that in solution, at room temperature, Ph-IBAM 118 (1 
eq.) and molecular bromine (0.9 eq.) were fully reacting together to produce a chiral source of 
Br+ 159 without leaving any molecular bromine in solution, therefore annihilating the background 
racemic reaction (Scheme 129). 
 
 
Scheme 129: Ideal mechanism proposed for the asymmetric dibromination of alkenes. 
 
Unfortunately, after having optimised and screened the conditions on multiple alkenes, no 
enantiomeric excess in the product was obtained. Three potential causes preventing the 
reaction from proceeding selectively have been identified and discussed. 
 
 
4. 2. Future work and possible mode of asymmetric induction. 
 
In order to increase the speed of the nucleophilic attack of the bromide anion onto the 
bromonium ion, and therefore limit the bromonium ion’s racemic exchange between alkenes, the 
synthesis of novel bis-amidine 235 was proposed. The presence of the three alcohols on the 
central aromatic ring will allow the proton liberated during the reaction with molecular bromine to 
be transferred intramolecularly from one amidine ring to the other. Therefore, the generated salt 
236 will display the nucleophilic bromine in an optimal position for the subsequent opening of the 
bromonium ion to be achieved before it has time to move away from the chiral pocket and 
racemise in solution with any remaining unreacted alkene (Scheme 130).   
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Scheme 130: proposed mechanism for the formation of the asymmetric Br+ source. 
 
It was proposed to synthesise the tris-hydroxy-bis-amidine 235 starting from (2,3,4)-
trihydroxybenzaldehyde 237. Formylation of 237 would afford the bis-aldehyde 238, which after 
protection of the free alcohols would undergo the classic one-pot condensation/oxidation 
reaction with the appropriate chiral diamine (Scheme 131). Final deprotection would restore the 
presence of the free hydroxyl groups on the central aromatic ring. 
 
 
Scheme 131: proposed synthesis of bis-amidine (R,R)-235. 
 
In order to determine which hydroxyl protecting group would be best suited to our system, it was 
decided to carry out the investigation on commercially available starting triol 237. Firstly, the 
protection was carried out in presence of trimethylsilyl chloride. Despite the TLC analysis 
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confirming the full conversion of starting material to a single product, only 237 was recovered. 
This result was attributed to the high lability of the protecting group, which was removed during 
the aqueous work-up. Further literature search revealed that the triethylsilyl-protection of triol 
237 had been successfully achieved in 2007.82 Indeed, when the protection was conducted in 
presence of triethylsilyl chloride, stable product 242 was obtained in 66% yield (Scheme 132). 
 
 
Scheme 132: Tris-silyl protection of (2,3,4)-trihydroxybenzaldehyde 237. 
 
Having found a suitable protecting group, the synthesis of bis-aldehyde 238 was achieved. 
Vilsmeier-Haak reaction as well as the Duff formylation of 237 both failed several times to 
proceed, only affording the full amount of starting material back. The starting triol was then 
switched for (1,2,3)-trihydroxybenzene 243 and the Duff reaction was carried out again, this time 
affording the desired bis-aldehyde 238 in 24% yield (Scheme 133).83 
 
 143 
 
Scheme 133: Synthesis of (2,3,4)-trihydroxy-(1,5)-diformylbenzene 238. 
 
Unfortunately, the protection of triol 238 by a TES group only afforded the mono-protected 
compound 244. Again, mass spectrometry analysis revealed the presence of the desired tris-
protected product in the crude material but purification by silica gel chromatography column led 
to the hydrolysis of two of the three silyl-groups. A different protection was attempted, using this 
time acetic anhydride but only a 3:1 mixture of mono and bis-protected compounds, 245 and 
246 respectively, were isolated (Scheme 134). 
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Scheme 134: Attempted tris-protection of triol 238. 
 
Future work would aim to find a suitable group for the tris-protection of alcohol 238. This will 
allow for the completion of the synthesis of 235 and possibly derivatives thereof. Eventually, the 
ability of such bis-amidine to deliver Br+ enantioselectively to an alkene bond will be tested in our 
dibrominating system. 
 
 
4. 3. Asymmetric bromination of alkenes recently reported in the literature. 
 
Towards the end of our studies, a few successful asymmetric halogenations have been reported 
in the literature. 
Firstly, in 2010, Borhan described the successful chlorolactonisation of 4-sustituted-4-pentenoic 
acids, using (DHQD)2PHAL as chiral catalyst.
84 High enantiomeric excesses were obtained 
(72% to 89% e.e.) when DCDPH 247 was used as a source of chloronium ion (Scheme 135). 
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Scheme 135: asymmetric chlorolactonisation of 4-phenyl-4-pentenoic acid 248. 
 
Although the mechanism of the asymmetric transformation has not been proved, the authors 
postulated that the formation of an associative complex (250) in solution was key in order to 
impart enantioselectivity and accelerate the rate of the reaction. The addition of benzoic acid to 
the mixture ensures the adequate protonation of the amine of (DHQD)2PHAL and therefore 
facilitates the formation of hydantoin/alkaloid complex 250 (Figure 31). 
 
 
Figure 31: structure proposed for the associative complex 250. 
 
Earlier this year, Borhan developed further his methodology by extending the scope of the 
reaction to the enantioselective chlorolactonisation of unsaturated amides.85 
However, when a similar methodology using this time NBS as a source of electrophilic bromine, 
was applied to achieve the enantioselective bromolactonisation of 4-phenyl-4-pentenoic acid 
248, the enantiomeric excess dropped significantly to 35%.84  
 
A similar methodology was concomitantly developed by Jacobsen, for the asymmetric 
chlorolactonisation of unsaturated carboxylic acids catalysed by a tertiary aminourea.86 Up to 
96% e.e. were obtained in several cases, but unfortunately no application of the methodology to 
bromolactonisation is reported. 
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Nonetheless, in the past year, several successful enantioselective bromolactonisations of 
unsaturated carboxylic acids have been reported.87,88,89 It was pleasing to see that the new 
methodologies developed are based on a similar theory to the one we previously proposed (see 
Chapter 2). The mechanism of the various reactions proposed by the authors is based on the 
initial formation of a salt between the carboxylic acid of the alkene substrate and the basic site of 
the catalyst. Whereas in our case we were trying to achieve the kinetic resolution of a racemic 
substrate via formation of a diastereoisomeric salt, these new methodologies focused on 
inducing the asymmetry to an achiral substrate via diastereospecific cyclisation. 
 
Thus, Yeung described the use of cinchonidine derivatives for the asymmetric catalysed 
bromolactonisation of unsaturated carboxylic acids using NBS as a source of electrophilic 
bromine (Scheme 136).88 
 
 
Scheme 136: Yeung’s asymmetric bromolactonisation using amino-thiocarbamate 
catalyst 251. 
 
The authors postulated that the general high enantiomeric excesses observed resulted from the 
formation of rigid transitions state 252 in which olefin to olefin halogen racemic exchange was 
suppressed (Scheme 137). 
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Scheme 137: mechanism proposed. 
 
Another example of the use of cinchonidine derivatives (255) for the enantioselective 
bromolactonisation of unsaturated acids was reported by Tang in 2010. 87 
Indeed the conversion of conjugated (Z)-enynes 253 to their corresponding bromoallenes was 
achieved with up to 99% e.e. (Scheme 138). 
 
 
Scheme 138: asymmetric bromolactonisation of (Z)-enyne 253. 
 
Again the authors postulated that cinchonidine derivative 255 serves as a bifunctional catalyst, 
by forming hydrogen bonds with NBS and simultaneously activating the reaction system by 
deprotonating carboxylic acid of 253. 
 
Another of the successful asymmetric bromolactonisation, perhaps resembling most the work we 
have achieved during this PhD, has been reported by Fujioka at the end of 2010.89 
Bromolactonisation of 5-phenylhex-5-enoic acid 256 using DBDMH as source of electrophilic 
bromine and tris-imidazolidine 258 as catalyst, afforded product 257 in 99% yield and 91% 
enantiomeric excess (Scheme 139). 
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Scheme 139: asymmetric bromolactonisation of 5-phenylhex-5-enoic acid 256. 
 
 
More recently, a different approach was explored by Hennecke who reported a new method for 
the enantioselective haloetherification by asymmetric opening of meso-halonium ions.90 Their 
work focused on developing a suitable chiral counterion to catalyse the cyclisation step, hoping 
to avoid any problems cause by alkene to alkene transfer. An efficient chiral counterion was 
found in the shape of the sodium salt of phosphoric acid 261 which allowed for the 
iodoetherification of symmetrical alkenes using NIPyr to proceed with up to 71% 
enantioselectivity. For the catalytic asymmetric bromoetherification using NBS, the selectivity 
was generally lower but in one case, up to 67% e.e. was observed (Scheme 140).90 
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Scheme 140: Hennecke catalytic asymmetric haloetherification of symmetrical alkenes.  
 
Despite the major improvement of enantioselectivity that these new methods provide, each of 
their application is limited to asymmetric catalytic bromolactonisations and therefore, to date, 
there is still a need for the development of a more general protocol for the asymmetric 
bromination of alkenes.  
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Chapter 5: Attempts to synthesise Ts-DPEN via a new route. 
 
 
5. 1. 1. DPEN, its derivatives and their use in asymmetric synthesis. 
 
Asymmetric induction is an important area which has generated much interest in the chemical 
community and has therefore experienced a rapid development over the last decades. Various 
substituted enantiopure chiral 1,2-diamines are often used as ligands to provide the source of 
asymmetry to the reagent or the catalyst used in the asymmetric reaction and therefore the 
necessity to develop cheap synthetic routes to access these motifs is crucial. 
DPEN (131) and its mono-tosylated derivative Ts-DPEN (262), are both C2 symmetric chiral 1,2-
diamines which are widely used as ligands in order to promote asymmetric induction in a variety 
of chemical transformations. 
 
 
 
One of the first uses of a DPEN derivative as an asymmetric promoter was discovered by Corey 
in 1989.91 By combining OsO4 with the diamine ligand 263, asymmetric dihydroxylation of 
alkenes could be achieved on a variety of substrates, with very high enantiomeric excesses 
(Scheme 141).  
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Scheme 141: Corey’s asymmetric dihydroxylation of alkenes. 
 
Corey subsequently developed similar methodologies for different chemical reactions. 
Firstly, the enantioselective olefination,92 alkylation,93 and propargylation92 of aldehydes was 
achieved via the use of chiral bromoborane 264, where the bis-tosylated-DPEN is operating as 
the chiral reagent (Scheme 142). A similar bromoborane was also used for the asymmetric 
synthesis of ester aldols.93 
 
 
Scheme 142: enantioselective allylation of aldehydes. 
 
Secondly, using the same principle as for the carbinol formation, the complexation of a DPEN 
derivative to a manganese alkyl 267 allowed for the Diels-Alder reaction to proceed in an 
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asymmetric fashion.94 Very high selectivity was observed with enantiomeric excesses reaching 
up to 95% e.e. 
In 1998, further work by Whiting reported that the use of different DPEN/Lewis acids complex 
(Yb(OTf)3, Cu(OTf)2, MgI2) successfully catalysed the asymmetric aza-Diels-Alder reaction of 
iminodienophiles, such as 264, with very high enantioselectivity (Scheme 143).95 
 
 
Scheme 143: asymmetric aza-Diels Alder reaction. 
 
Although the hydrogenation of substituted ketones by a BINAP-ruthenium catalyst had 
previously been reported,96 no methodology had been developed to extend the application of 
such a reaction to more simple aromatic and heteroaromatic ketones. By additionally 
coordinating the chiral diamine DPEN to the existing bis-phosphinoyl-ruthenium complex, Noyori 
was able to achieve such transformations (Figure 32).97 
 
 
Figure 32: Noyori’s BINAP catalyst. 
 
Further modifications of the BINAP ligand have been studied by various research groups. These 
changes allowed the extension of the methodology to meta and para-aryl substituted ketones 
(NO2, Br, Cl, F, CF3, OMe).
97 Such hydrogenation modifications also permitted to accomplish the 
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asymmetric hydrogenation of racemic α-arylaldehydes via dynamic kinetic resolution, yielding 
optically-active primary alcohols.98  
Noyori also developed a ruthenium(II) catalyst to conduct the hydrogenation of ketones.99 
Complex 269 is activated by isopropanol to form the chiral 18-electron-coordinatively-saturated 
metal-hydride, which is capable of enantiofacial discrimination of prochiral ketones. Moreover, 
the interaction between the ruthenium-hydrogen bond and the carbonyl is assisted by the 
neighbouring coordination of the secondary amine of Ts-DPEN, which favours a π-interaction 
and therefore an asymmetric delivery of the hydrogens (Scheme 144). 
 
 
Scheme 144: asymmetric hydrogenation of ketones using Noyori’s ruthenium (II) catalyst. 
 
Similar methodology was utilised for the hydrogenation of activated alkenes such as α,α-cyano-
olefins, α,β-unsaturated ketones and β,β-disubstituted nitroalkenes.99 
More recently, Wills developed a similar methodology for the asymmetric hydrogenation of 
ketones, using instead an Ir(III)/Ts-DPEN complex as catalyst.100 
 
In 1990, Jacobsen reported the asymmetric epoxidation of unfunctionalised olefins,101 using  
manganese(III) complexed to a chiral Schiff base as the catalyst 273 (1-8 mol%). In this 
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reaction, iodosylmesitylene 270 oxidises the near-planar tetradentate manganese moiety, which 
only allows for a side-on perpendicular approach of the olefin. Good enantiomeric excesses 
were obtained for the cis-alkenes and as expected a significant drop of selectivity was observed 
for trans-alkenes (Scheme 145).  
 
 
Scheme 145: Jacobsen’s asymmetric epoxidation of olefins. 
 
More recently, List demonstrated that DPEN salts in presence of hydrogen peroxide, catalysed 
the epoxidation of cyclic enones in excellent enantiomeric excesses.102 The reaction proceeds 
via an iminium ion, where the position of the second basic amine dictates the transition state, 
directing the attack of the hydrogen peroxide towards only one face of the alkene. This 
methodology is applicable to a variety of cyclic enones (Scheme 146). 
 
 
Scheme 146: asymmetric epoxidation of cyclic enones. 
 
Subsequent to Jacobsen’s work, a number of metal/salen catalysts were developed to carry out 
enantioselective transformations. Zingaro et al103 reported the cyclopropanation of styrene in 
94% enantiomeric excess using a cobalt catalyst, whereas Lee and co-workers104 described the 
silacyanation of aldehydes with good selectivities using a manganese based catalyst. 
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In 1997, Evans reported the first catalytic enantioselective amination of N-acyloxazolidinones 
(276)105 using a manganese-coordinated bis-sulfonamide DPEN derivative 278 (Figure 33). 
 
 
Figure 33: Evan’s asymmetric catalyst 278. 
 
The asymmetric induction results from the formation of a rigid chelated tetrahedral metal 
intermediate (279), in which one of the aryl-sulfonamide rings is projected over the enolate π-
system, leaving only one face of the enolate α-carbon available for the electrophilic attack. The 
reaction was found to be tolerant towards a variety of aryl-substituted diimides and very high 
enantiomeric excesses were obtained (Scheme 147). 
 
 
Scheme 147: asymmetric amination of N-acyloxazolidinone 276. 
 
Earlier work by Trost had also developed a methodology in order to access chiral oxazolidines 
by desymmetrisation of meso-diols, using DPEN 131 as chiral ligand.106 
 
In 2006, Peter and co-workers107 reported the enantioselective formation of N-p-methoxyphenyl-
trifluoroacetimidates 281, which are key intermediates in the synthesis of chiral primary allylic 
amines. The reaction proceeds via an aza-Claisen rearrangement (Scheme 148) catalysed by a 
ferrocenyl-imidazoline palladacycle entity (Figure 34).  
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Scheme 148: asymmetric aza-Claisen rearrangement. 
 
 
Figure 34: proposed transition state for the enantio-induction. 
 
Regardless of whether the starting material was the Z or the E-allylamide 280, very high 
enantiomeric excesses were observed. However, when the substrate was the Z-compound, the 
turnover number of the catalyst was found to be limited. 
 
Fairly recently, a new class of ligands directly derivated from DPEN has emerged. The chiral N-
heterocyclic carbenes, or NHC ligands, appear to be extremely versatile entities which are 
involved in numerous asymmetric transformations.  
NHC-molybdenum catalysts have been developed to carry out chiral RCM with good selectivity, 
however their use could not be applied to asymmetric AROCM (asymmetric ring-opening cross-
metathesis) or CM (cross-metathesis). In an effort to render these reactions possible, Grubbs108 
synthesised a new family of monodentate NHC chiral ligands 283 to bind to ruthenium, which 
was known to have an increased tolerance to functionalised substrates in comparison to 
molybdenum (Figure 35). 
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Figure 35: Chiral C2-symmetric Grubbs NHC-ruthenium catalyst 283. 
 
In these compounds, the asymmetry is transferred to the metal by the NHC so that the aryl-
substituents lie on the opposite side of the catalyst to the phenyl rings of the backbone. This 
creates a chiral C2-symmetric environment and the reaction is believed to be more likely to 
proceed via a trans-binding of the olefin to the NHC. 
With this family of catalysts, Grubbs successfully achieved the asymmetric AROCM of 
norbornene derivatives with good enantiomeric excesses (up to 76% when using a tri-
substituted aryl ligand, Scheme 149).108b 
 
 
Scheme 149: AROCM with chiral ruthenium catalyst  
 
Various types of NHC-ruthenium complexes were developed concomitantly and during the same 
year, Hoveyda also reported the chiral AROCM of the same substrates with 98% 
enantioselectivity.109 
 
In 2006, Jacobsen reported the synthesis of the chiral primary amine thiourea 288 which was 
used as a catalyst for the asymmetric Michael addition of α,α-disubstituted aldehydes to 
nitroalkenes.110 The mechanism of the reaction invokes the formation of an imine, which 
subsequently tautomerises to the more stable E-enamine. The nitroalkene then binds to the 
thiourea in such a way that it is placed in close proximity to the enamine, allowing for the carbon-
carbon formation. Good diasteromeric excesses (84%) were reported and excellent 
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enantiomeric excesses were obtained (up to 99% e.e. depending on the substrates, Scheme 
150). 
 
 
Scheme 150: asymmetric addition of α,α-disubstituted aldehydes to nitroalkenes 
catalysed by Jacobsen’s catalyst 289. 
 
More recently, further work has focused on the use of simpler and cheaper chiral primary amines 
such as Ts-DPEN 262. Thus, in 2009, Huang developed a new methodology using a rigidified 
version of diamine DPEN 290 for the enantioselective direct addition of malonates to 
nitroalkenes in up to 90% enantiomeric excess (Figure 36).111  
 
 
Figure 36: Huang’s asymmetric catalyst 290. 
 
More recently, Xu developed another methodology using directly Ts-DPEN 262 as a catalyst for 
the asymmetric Michael addition of 1,3-dicarbonyl indane compounds to nitrostyrenes.112 The 
reaction proceeded in good yields and up to 84% e.e. were obtained (Scheme 151). 
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Scheme 151: asymmetric Michael addition of 1,3-dicarbonyl indane 291 to nitrostyrene 
292. 
 
The authors proposed that the catalytic reaction operates via a dual activation model where the 
carbonyl group of the enol intermediate of the β-ketoester interacts with the primary amine of Ts-
DPEN 262, increasing the nucleophilicity of the carbon centre, whereas the H-sulfonamide 
activates the nitrostryrene to enhance the electrophilicity of the olefin bond (Figure 37). 
 
 
Figure 37: proposed transition state. 
 
Wang described another methodology for the asymmetric Michael addition of acetone to nitro-
olefins in 98% e.e.113 using 20 mol% of Ts-DPEN, and more recently, Liang and Ye reported the 
addition of acetone to maleimides in 94% e.e. with only 10 mol% loading of the same catalyst.114  
 
Sharzewski reported the first asymmetric Henry reactions catalysed by a secondary diamine-
copper(II) complex 294 (Scheme 152).115 The β-nitroalcohols formed can easily be converted 
into a variety of important chiral building blocks for the synthesis of biologically active 
compounds. Good asymmetric induction was obtained (80 to 90% e.e.) and further work by Wan 
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earlier this year revealed that tetramine 295 induced even greater asymmetry (96 to 99%, 
Scheme 152).116 
 
 
Scheme 152: catalysed asymmetric nitroaldol reaction  
 
This plethora of research shows that DPEN as well as Ts-DPEN are commonly being used as 
asymmetric ligands on metals or as organocatalysts in their own rights to achieve a wide-range 
of crucial chemical transformations. There is therefore a real need for a cheap, step-limited and 
easily scalable route to access these two essential diamines. 
 
 
5. 2. Existing syntheses of enantiopure DPEN. 
 
Over the past decades, several syntheses of enantiopure DPEN have been realised. The first 
successful one was achieved in 1940 by Lifschitz and Bos.117 In common with other routes that 
have been later described, enantiopure diamine 131 was obtained by resolution of the racemic 
mixture by formation of a diasteroisomeric salt with a chiral carboxylic acid. It was only in the 
90’s that enantioselective syntheses emerged. 
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5. 2. 1. Synthesis by resolution of the racemate. 
 
The most commonly utilised route followed to obtain DPEN is the one described by Williams and 
Bailar in 1959 (Scheme 153).118 This synthetic sequence was an update from the earliest 
synthesis described by Lifschitz and Bos.117 
Amarine 132 was obtained by thermal cyclisation of hydrobenzamide 299, itself coming from the 
condensation of ammonia and benzaldehyde.118 The amidine 132 was subsequently epimerised 
under basic conditions to afford (±)-iso-amarine 133, which would yield after hydrolysis the 
desired racemic diamine.118 Yet, due to the high stability of the heterocycle, the amidine needed 
to be activated before an hydrolysis could occur. Racemic iso-amarine 133 was thus N-acylated 
and via a two-step hydrolysis procedure, (±)-DPEN 131 was obtained (Scheme 153). Initial 
resolution was achieved by recrystallisation of the diastereo-pure tartaric acid salt and later work 
by Saigo et al119 showed that racemic DPEN could also be resolved using D or L-mandelic acid, 
which is a much cheaper optically pure carboxylic acid. 
 
 
Scheme 153: Williams and Bailar route to enantiopure DPEN 131. 
 
In 1993, Corey also reported a completely different pathway for the synthesis of racemic DPEN, 
in only two steps, starting from benzil 301.120 It consists firstly of the formation of a 
spirocyclohexane-imidazole 302, which is subsequently reduced under dissolving metal 
conditions. Hydrolysis of the aminal 131 afforded 100% of the racemic diamine (Scheme 154). 
No traces of meso-product were observed. The racemate was then resolved in the same way as 
discussed previously. 
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Scheme 154: synthesis or racemic DPEN 131 via formation of a spirocyclohexane-
imidazole moiety. 
 
William and Bailar’s synthetic route,118 is achievable on large scale without any time-consuming 
silica-gel chromatographic purification. Unfortunately, the shorter syntheses proposed by Corey 
are not suitable for the preparation of such big quantities of diamine 131 at low cost. 
 
 
5. 2. 2. Enantiopure syntheses of DPEN. 
 
The first asymmetric synthesis was reported by Sharpless in 1991.121 Asymmetric 
dihydroxylation of stilbene was followed by the formation of an electrophilic cyclic sulphate 
derivative 304. This enabled the substitution by the amidine 305 to proceed in a stepwise 
manner, to afford the desired enantiopure iso-amarine 133 (Scheme 155). Hydrolysis to obtain 
the optically active diamine was achieved following Lifschitz and Bos procedure.117 
 
 
Scheme 155: Sharpless route to enantiopure DPEN 131. 
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A few years later, Fujisawa reported the stereoselective reduction of 1,2-bis-imines with an 
oxazaborolidine catalyst.122 Although a 99% diasteroisomeric excess was obtained, the 
produced secondary diamine had to be converted to its corresponding imidazolidine to carry out 
further purification, thus adding a few steps to the overall synthesis. 
 
More recently, Deng reported the synthesis of enantiopure DPEN with very high 
diastereoisomeric and enantiomeric excesses by addition of phenyllithium to the chiral 
sulfinamide-protected bis-imine 305 (Scheme 156).123 
 
 
Scheme 156: Deng route to enantiopure DPEN 
 
The common inconvenience of these syntheses is the cost of the chiral reagent used to induce 
asymmetry. Its high price prohibits the use of these methods to carry out large scale synthesis of 
enantiopure DPEN. 
 
 
5. 2. 3. Synthesis developed within our group.50 
 
In an effort to achieve a large scale synthesis of enantiopure DPEN, William and Bailar’s 
procedure was selected as a starting point. Even though its pathway is lengthy, the starting 
material and reagents involved are cheap and no silica gel chromatography is required. A 
shortened route was proposed where multiple steps were carried out in one-pot.52 
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Thus, amarine 132 was synthesised in one step, following the procedure described by Uchida et 
al.124 Ammonia was swapped for HMDS, the higher boiling point of which increased considerably 
the rate of the formation of hydrobenzamide and promoted the subsequent cyclisation in one pot 
(Scheme 157). Higher yields were obtained when catalytic benzoic acid (0.5 mol %) was added 
to the reaction. Its presence optimises the pH for the thermal ring closure.52 
 
Epimerisation to iso-amarine 133 was performed according to Williams and Bailar’s conditions. 
However, the acylation-activation step was this time carried out using enantiopure acetyl-
mandelic acid with DCC as a coupling agent. The set of diastereoisomers obtained were 
separable both by silica gel chromatography and fractional recrystallisation52 and the remaining 
hydrolysis steps were achieved in a similar way as described previously. 
 
Scheme 157: enantiopure synthesis of DPEN developed within our group. 
 
Further work aimed to improve the low yields obtained during the hydrolysis steps. The limitation 
was coming from the co-formation under acidic conditions of the deprotected-mandelic acid 
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substrate 309 (Figure 38). The highly insoluble alcohol precipitated during the hydrolysis 
preventing the reaction from going any further. 
 
 
Figure 38: limiting side-product formed during the first hydrolysis step.  
 
It was then found that iso-amarine could be resolved by fractional recrystallisation of 
diastereoisomeric salts formed with enantiopure mandelic acid, which proceeded in very good 
yield (Scheme 158).53 Acetylation and further hydrolysis were performed accordingly to William 
and Bailar’s procedure and afforded enantiomerically pure (R,R)-DPEN in good yield. 
 
 
Scheme 158: resolution of amarine using mandelic acid. 
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5. 2. 4. Proposed investigation. 
 
Currently, the synthesis of optically active Ts-DPEN is realised by tosylation of the enantiopure 
diamine 262.125 Our aim was to develop the asymmetric synthesis of Ts-DPEN using a similar 
route as the one described above. The tosyl group would be introduced on the resolved iso-
amarine and similarly to the previously used acetate, would act as an activating agent for the 
subsequent hydrolyses (Scheme 159). 
 
 
Scheme 159: proposed synthesis of enantiopure Ts-DPEN (R,R)-262. 
 
 
5. 3. Attempts to synthesise Ts-DPEN. 
 
5. 3. 1. Synthesis of N-benzoyl-N’-Ts-diamine 311. 
 
A similar procedure as for the tosylation of DPEN was applied to (R,R)-iso-amarine.125 The 
reaction proceeded in 87% conversion and the crude product did not require any further 
purification (Scheme 160).126 Subsequently, the first hydrolysis of the amidine to the 
corresponding amide 312 was performed using William and Bailar’s conditions,118 successfully 
affording the desired product in 92% yield. 
 
 
Scheme 160: synthesis of amide 312. 
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N-Tosyl deprotection process usually invokes a Birch type reduction of the aromatic ring, 
classically using a combination either sodium/ammonia or TFA/SmI2 as reagents.
127 Contrary to 
O-tosyl groups, the N-protected moieties are expected to be stable under mild acidic or basic 
conditions. The previously used hydrobromic acid conditions were employed to achieve the 
benzoyl hydrolysis,52 but no reaction was observed and the starting material was fully recovered. 
Somewhat surprisingly, the final deprotection was proving to be less trivial than initially 
expected. 
 
5. 3. 2. Screening of conditions for the attempted  hydrolysis.  
 
In order to achieve the final benzoyl deprotection (Scheme 161), various hydrolysis conditions 
were investigated.  
 
 
Scheme 161: final hydrolysis. 
 
Firstly, the previously used HBr in AcOH (1.7 M) conditions were used but at reflux (Table 23, 
entry 1).52 Again, no reaction was observed and the starting material was recovered intact. The 
reaction was then conducted under more concentrated acidic conditions (6 M) and both the 
benzoyl and the tosylate groups were removed, yielding DPEN 131 (entry 2). Similarly, 
hydrolysis using aqueous hydrochloric acid (6 M) at reflux was attempted but without success 
(entry 3).128 Much harsher conditions were then explored, heating to high temperatures with 
polyphosphoric acid (PPA) as a solvent but unfortunately no product was afforded (entry 4). 
After these unpromising results, it was thought that perhaps hydrolysis under basic conditions 
would give better results. In 1960, Khorana reported the cleavage of a benzamide bond using a 
pH=13 aqueous sodium hydroxide solution or a 9 M aqueous ammonia solution.129 However, the 
starting material 312 was found to be insoluble under both sets of conditions and no reaction 
occurred (entry 5 and 6). Swapping aqueous ammonia for methanolic ammonia as suggested by 
Zerrouki unfortunately did not improve the outcome of the reaction (entry 7).130 In 2004, Boger 
et al reported the hydrolysis of a benzoyl group using ethanolic hydrazine at reflux (entry 8).131 
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Although using this strategy allowed the starting material to solubilise, no conversion to product 
took place and only starting material was recovered. Finally, following Evans’ methodology,132 
the hydrolysis of the benzoyl group was attempted via in situ formation of LiOOH but yet again 
the reaction failed to proceed (entry 9). 
 
Table 23: various conditions attempted to hydrolyse the benzoyl group. 
Entry Reagent Conc. (M) T (°C) Time 
Solubility of 
(R,R)-312 
Result of the 
reaction 
1 
HBr in AcOH 
(1.7 M) 
1.06 120 24 h Insoluble 
Starting 
material 
2 
HBr in AcOH 
(6 M) 
0.18 120 24 h Soluble DPEN 
3 
HCl in H2O     
(6 M) 
0.014 100 24 h Insoluble 
Starting 
material 
4 PPA 0.035 150 24 h Soluble 
Starting 
material 
5 
NaOH in H2O 
(pH=13) 
0.014 100 24 h Insoluble 
Starting 
material 
6 NH3, H2O 0.014 100 24 h Insoluble 
Starting 
material 
7 NH3, MeOH 0.014 65 24 h Insoluble 
Starting 
material 
8 
Hydrazine, 
EtOH 
0.014 75 5 days Soluble 
Starting 
material 
9 
LiOH, H2O2, 
dioxanne 
0.014 20 24 h Soluble 
Starting 
material 
 
Interestingly, whilst conducting these experiments, a recurrent problem was observed. N-
Benzoyl-N’-Ts-diamine 312 is either insoluble or has only very low solubility in the solvents used 
which could be affecting the course of the reaction. Only when reaching very high temperature 
(150-200°C, entry 3 and 4) did it dissolve in PPA. As for the hydrazine deprotection (entry 7), a 
large volume of ethanol was required to solubilise the starting material, so the reaction had to 
proceed in a very dilute environment (0.015 M). A hypothesis as to why the solubility of the bis-
protected diamine 312 is so poor arose from the possibility that the isolated product from the 
previous reaction could be the HCl-salt 313 instead of the free diamine (Figure 39). 
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Figure 39:  proposed structure of the HCl-salt 313 potentially formed 
 
However, after further investigation this theory was rejected. Treatment of 312 with 2 M NaOH(aq) 
afforded a white solid with similar spectroscopic data and identical solubility properties as the 
initial compound. Furthermore, only two N-H protons, with different shifts, were observed by 1H-
NMR. Finally, when 312 was synthesised by benzoylation of enantiopure Ts-DPEN 262 using 
benzoyl chloride and triethylamine, a procedure which cannot afford the formation of a salt, the 
product proved to be identical to the one isolated from the hydrolysis. Further investigation 
revealed that only DMSO, THF and toluene were capable of solubilising compound 312 at room 
temperature. With this information in hand, further screenings of hydrolysis conditions were 
carried out using these solvents (Table 24).  
 
Table 24: various conditions attempted to hydrolyse the benzoyl group. 
Entry Reagent 
Conc. 
(M) 
T (°C) Time 
Solubility 
of  312 
Result of the 
reaction 
1 HBr, DMSO 0.021 150 24 h Soluble Starting material 
2 HCl, H2O, THF 0.021 70 24 h Soluble Starting material 
3 tBuOK, H2O, THF 0.021 70 24 h Soluble Starting material 
4 NaOH, H2O, THF 0.021 70 24 h Soluble Starting material 
 
Unfortunately, none of the procedures led to the formation of the desired product and in all 
cases, all of the starting material was recovered. 
 
 
5. 3. 3. Attempted cleavage by reduction. 
 
Another approach was then contemplated. Instead of deprotecting the benzoyl group by 
hydrolysis, the cleavage could potentially be achieved by reduction of the amide bond via 
hydride delivery. Various reducing agents were then utilised in order to carry out such a 
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chemical transformation (Table 25). Treatment of 312 with lithium aluminium hydride did not 
proceed and only yielded full recovery of starting material (entry 1 and 2). A similar reaction 
using borane as a reducing agent led to the decomposition of the molecule (entry 3).133 The 
composition of the mixture of products recovered was not identified but the loss of the tosyl 
group was evident, indicating that no product was present in the crude mixture. 
 
Table 25: various reduction conditions attempted to hydrolyse the benzoyl group.  
Entry Reagent Conc. (M) T (°C) Time 
Solubility of  
312 
Product of the 
reaction 
1 
LiAlH4 (1.1 eq.) 
THF 
0.011 20 24 h Soluble Starting material 
2 
LiAlH4 (1.1 eq.) 
THF 
0.011 65 56 h Soluble Starting material 
3 
BH3-THF (6 eq.), 
THF 
0.011 20 4 h Soluble 
Decomposed 
material 
 
After this lack of success, it was considered that perhaps the direct reduction of the amidine 
(R,R)-311 would afford the desired Ts-DPEN product (Scheme 162). The reaction would 
proceed via formation of the aminal which would then be hydrolysed during the work up to give 
the enantiopure diamine (R,R)-262 and benzaldehyde.  
 
 
Scheme 162: postulated new route to Ts-DPEN. 
 
Again a variety of reducing agents were investigated. Firstly sodiumborohydride (entry 1, Table 
26) gave an unidentified compound whose spectroscopic data was not consistent with the 
desired diamine.133 Milder conditions using sodium cyanoborohydride (entry 2) or lithium 
aluminium hydride (entry 3) gave predominantly starting material and some decomposed 
compound which did not bear a tosyl group any longer. 
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Table 26: various reducing agents used for the reduction of amidine (R,R)-311. 
Entry Reagent 
Conc. 
(M) 
T (°C) Time 
Solubility 
of  311 
Result of the 
reaction 
1 
NaBH4 (3.2 eq.) 
BF3.Et2O (3.2 eq.) 
THF 
0.011 20 24 h Soluble Decomposed material 
2 
NaBH3CN (1.1 eq.) 
THF 
0.011 65 24 h Soluble 
SM + Decomposed 
material 
3 
LiAlH4 (1.1 eq.) 
THF 
0.011 65 24 h Soluble 
SM + Decomposed 
material 
 
As attempts to cleave the benzoyl group by reduction had proven unsuccessful, the idea was no 
longer pursued. 
 
 
5. 3. 4. Attempts at deacylation via formation of an iminoyl chloride intermediate. 
 
Further investigation within the group134 found that in 2004, Prati published a new method for the 
deacylation of N-monosubstituted amides 314.135 By the use of (PhO)3P.Cl2, the amide is 
converted to the iminochloride 315 which is subsequently quenched by methanol to afford the 
corresponding imino-methyl ester 316. It then undergoes hydrolytic cleavage when treated with 
water (Scheme 163). 
 
 
Scheme 163: Prati’s deacylation of amides. 
 
Despite being clean and high yielding, this procedure presents one major inconvenience. The 
reactive chlorinating species has to be formed in situ by titration of (PhO)3P with chlorine gas 
and is obviously inconvenient. Therefore, we proposed that a similar chemical transformation 
could be achieved in the presence of other readily available chlorinating agents. 
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Firstly, the reaction was carried out by the addition of a solution of thionyl chloride in 
dichloromethane. Surprisingly, the reaction afforded imidazoline 133 and tosic acid as products. 
The mechanism postulated was that after formation of intermediate 319, the chloride anion did 
not proceed to do the expected nucleophilic substitution but was instead involved in the 
deprotection of the tosyl group. The primary amine generated (320) was able to carry out the 
displacement of the sulfuryl chloride, therefore forming iso-amarine 133 (Scheme 164).134  
 
 
Scheme 164: attempted formation of iminochloride using thionyl chloride. 
 
After these observations, milder conditions were chosen to perform the reaction and so oxalyl 
chloride (0.12 M) in dichloromethane was used instead. Unfortunately, a similar outcome as for 
the reaction with thionyl chloride was observed. The procedure was then repeated in a much 
more dilute environment (0.015 M) but this time no reaction occurred and all the starting material 
was recovered.  
 
We then returned to the previous concentrated conditions. In order to avoid the cleavage of the 
tosyl group, one equivalent of Hunig’s base was added to sequester the hydrochloric acid 
produced in situ. The aim was that once the intermediate species 319 was formed, addition of 
methanol into the reaction mixture would generate the iminoester 321 by nucleophilic 
substitution (Scheme 165).134 
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Scheme 165: proposed reaction in presence of a non nucleophilic base. 
 
However, neither for the reaction carried out with thionyl chloride nor the one with oxalyl 
chloride, was the desired product isolated. 
For the reaction conducted with thionyl chloride, sulfoxide 322 was isolated in 62% yield. It was 
postulated that after formation of the intermediate 319, the lone pair of the tosylated secondary 
amine attacked the sulfuryl chloride and subsequent rearrangement afforded the five-membered 
ring 322 (Scheme 166).135 
  
 
Scheme 166: outcome of the reaction using thionyl chloride. 
 
Regarding the reaction with oxalyl chloride, a similar mechanism led to the formation of bis-
lactam 324 in 42% yield (Scheme 167).134 
 
 
Scheme 167: outcome of the reaction using oxalyl chloride. 
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It became apparent that this methodology would not lead to our desired product and 
consequently this route, however interesting, was not investigated any further. 
 
 
5. 3. 5. Synthesis of Boc-312 and inconsistencies in the analysis.  
 
In 1998, Kingston described the benzoyl deprotection of paclitaxel in an unconventional way.136 
The nitrogen of the benzamide moiety to be cleaved was Boc-protected, before performing the 
hydrolysis. This afforded the benzoyl deprotected Boc-compound and further hydrolysis using 
TFA cleaved the Boc group leading to the desired final product. This new method was found to 
be efficient for the deprotection of benzoyl compounds resistant to more common deacylation 
conditions. The lone pair of the nitrogen now being engaged into two resonance forms, the 
benzamide bond is weakened, therefore requiring less energy to form the tetrahedral 
intermediate. The Boc-protected nitrogen has also been turned into a better leaving group, 
facilitating the rupture of the carbon–nitrogen bond and the formation of benzoic acid. 
 
Therefore, this strategy seemed appropriate to be applied to our system. Boc-Protection of the 
N-benzoyl-N’-tosyl-DPEN 312 was achieved using Boc anhydride and DMAP in THF.137 By 1H-
NMR monitoring the conversion to product was complete after two hours, however the Boc 
group was cleaved during purification by silica gel column chromatography and only starting 
material was recovered. The reaction was performed again and this time the crude material was 
used in the next step without purification (Scheme 168). 
 
 
Scheme 168: attempted hydrolysis using Kingston’s conditions. 
 
A range of basic conditions to promote the hydrolytic cleavage were investigated.138 
Unfortunately, only starting material 325 or deBoc-compound 312 were recovered (Table 26). 
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Table 26: various hydrolytic conditions attempted. 
Entry Reagent 
Conc. 
(M) 
T (°C) Time Solubility 
Result of the 
reaction 
1 
Hydrazine (2 eq.) 
CH3CN 
0.021 20 24h Soluble SM 
2 
Hydrazine (excess), 
EtOH 
0.021 75 24h Soluble SM + 312 
3 
NaOMe (10 eq.) 
MeOH 
0.021 20 24h Soluble SM 
 
An interesting observation was made concerning N-benzoyl-N’-tosyl-DPEN 312. The presumed 
starting material recovered after the chromatographic purification of the Boc-protected 
compound did not have the same solubility properties as previously reported. It was found to be 
highly soluble in a wide range of organic solvents. Closer analysis revealed that all the spectral 
data were identical to the one previously obtained apart from the shifts of the two NH protons in 
the 1H-NMR spectrum which had moved significantly downfield. It became apparent that the lack 
of solubility of 312 previously observed could be a result of the fact that it was isolated from the 
hydrolysis as a hydrate 312.nH2O. This explanation coincided with the previously reported 
observations that the solid was only soluble in DMSO, THF and toluene, solvents miscible with 
water. Therefore, it was concluded that the product isolated after column chromatography of 325 
is potentially non-hydrated N-benzoyl-N’-tosyl-DPEN 312 (Scheme 169). 
 
 176 
 
Scheme 169: hypothesis around the solubility of 312. 
 
To help prove this hypothesis, the compound isolated from the hydrolysis of 311 was solubilised 
in THF and the solvent was subsequently removed under reduced pressure. This operation was 
repeated five times in order to facilitate the removal of the water by formation of an azeotropic 
mixture (Scheme 170). 
 
 
Scheme 170: dehydration of 312.nH2O. 
 
The product obtained had indeed the same characteristics as the chromatographed bis-
protected DPEN 312. The NH protons had also shifted in the 1H-NMR spectrum, relative to the 
hydrated compound, and the white solid was now soluble in various organic solvents. These 
new properties will hopefully facilitate the benzoyl cleavage and finally allow the formation of Ts-
DPEN 262.  
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A final attempt to cleave the benzoyl group was carried out on the dehydrated substrate, using 
33% hydrobromic acid in acetic acid (0.21 M) at reflux for 6 h (Scheme 171). 
  
 
Scheme 171: Attempted deprotection of the dehydrated product. 
 
This time, the full dissolution of the starting material was observed, but monitoring the reaction 
by TLC analyses revealed the direct transformation of the bis-protected diamine 312 to its fully 
deprotected analogue 131, without intermediately forming the desired product 262.  
 
Despite having acquired a better understanding of the system, no further investigations were 
pursued past this stage. 
 
 
5. 4. Conclusion. 
 
Previous work within the group had developed and optimised the low cost synthesis of 
enantiopure 1,2-diamine DPEN (R,R)-131 (Scheme 172).53 
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Scheme 171: synthesis of enantiopure DPEN 131 developed within our group. 
 
It was believed that following the same synthetic pathway, tosylation of enantiopure iso-amarine 
(R,R)-133 followed by a double hydrolysis would afford enantiopure Ts-DPEN (R,R)-262 
(Scheme 172). 
 
 
Scheme 172: proposed synthesis of enantiopure Ts-DPEN (R,R)-262. 
 
However the presence of the added tosyl group on the second amine seems to have inflicted a 
dramatic influence on the reactivity of the N-benzoyl group towards hydrolysis. Despite having 
screened a multitude of acidic, basic and reductive conditions, the desired product could not be 
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obtained. The main problem that appeared during our studies was the poor solubility of 312 in 
either organic or aqueous solvents. It was understood after investigation that the product 
obtained after the hydrolysis of 311 was the hydrated product 312.nH2O. Dehydration by 
formation of an azeotropic mixture with THF afforded a solid now soluble in most solvents, but 
unfortunately when the hydrolysis was performed again, only the fully deprotected diamine 131 
was recovered and the conditions limiting the deprotection to the N-benzoyl group were not 
found.  
 
Up to date, it remains that the obtention of (R,R) or (S,S)-262 has to be achieved by N-tosylation 
of its corresponding enantiopure DPEN 131 (Scheme 173).125 
 
 
Scheme 173: synthesis of enantiopure Ts-DPEN (R,R)-262. 
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Chapter 6: Experimental section. 
 
 
6. 1. General Information. 
 
6. 1. 1. Analytical procedures. 
 
Melting points were obtained on a Reichert-Thermovar melting point apparatus and are 
uncorrected. Optical rotations were recorded at 25˚C on a Perkin-Elmer 241 polarimeter with a 
path length of 1 dm, using the 589.3 nm D-line of sodium. Solutions were prepared using 
spectroscopic grade solvents and concentrations (c) are quoted in g/100 mL. Infrared spectra 
were recorded on a Unicam FT-IR spectrometer with automated background subtraction and on 
a Perkin Elmer Spectrum BX II FT-IR System with ATR technique. Samples were prepared as 
thin films coated on the diamond (Perkin Elmer); solid samples were pressed on the diamond 
with 120 nm. Reported absorptions are strong or medium strength unless stated otherwise and 
given in wavenumbers (cm-1). 1H and 13C NMR were recorded on a Bruker Advance 400 
spectrometer at 400 MHz and 100 MHz respectively and a Bruker Advance 500 spectrometer at 
500 MHz and 125 MHz respectively. Chemical shifts (δ) are quoted in ppm (parts per million) 
and referenced to CDCl3 residual chloroform signal 
1H δ= 7.26, 13C δ= 77.0 or d6-DMSO residual 
dimethyl-sulphoxide signal 1H δ= 2.54, 13C δ= 40.45. Low and high resolution mass 
spectrometry (EI, CI, ESI) were recorded by the Imperial College London Department of 
Chemistry Mass Spectroscopy Service using a Micromass Platform II and Micromass AutoSpec-
Q spectrometer. Elemental analyses were determined by the University of North London 
Analytical Service.  
 
 
6. 1. 2. Experimental procedures. 
  
All reagents and solvents were supplied from commercial sources and used as received, unless 
otherwise indicated. Reactions requiring anhydrous conditions were conducted using oven-dried 
glassware. All reactions were carried under dry N2 conditions. All reactions were monitored by 
analytical thin-layer chromatography (TLC) performed using indicated solvent. Merck silica gel 
60 F254 plates (0.25 mm). TLC plates were visualized using UV light (254 nm) and/or by 
staining in basic potassium permanganate KMnO4 followed by heating. Solvents were removed 
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via rotary evaporation below 50 ˚C and the compounds were further dried under vacuum (0.1 
mm Hg). Purification of products was achieved by column chromatography using Merck Flash 
Silica Gel 60 (230– 400 mesh). Dichloromethane was distilled from calcium hydride. Diethyl 
ether was distilled from sodium/benzophenone. THF was distilled from 
potassium/benzophenone. Ethanol and methanol were left to stand over KOH pellets for 24 h 
before being filtered, distilled and stored over 4 Å molecular sieves. Chloroform and deuterated 
chloroform were stored over potassium carbonate. DMSO was left to stand over CaSO4 before 
being filtered and distilled over CaH2 under reduced pressure. DMF was stirred over CaH2 
overnight before being distilled under reduced pressure and stored over 4 Å molecular sieves. 
Acetone was distilled from CaSO4. All other solvents were used as received. Petrol refers to 
BDH Anal® petroleum spirit 40-60 °C. Water refers to distilled water. N-Bromosuccinimide was 
purified by re-crystallisation according to standard procedures.139 Triethylamine was distilled 
under nitrogen and stored over sodium hydroxide pellets. Benzaldehyde was distilled under 
nitrogen atmosphere. Iodomethane was distilled from P2O5 under a nitrogen atmosphere. (R)- 
and (S)-mandelic acid were recrystallised from chloroform.  
 
 
6. 2. Synthesis and utilisation of substrates for the kinetic resolution. 
 
6. 2. 1. Synthesis of the substrates. 
 
(±)-tert-Butyl cyclopent-2-en-1-ylacetate 162.66 
 
 
 
Following a modified procedure of Neisses, (±)-2-cyclopenten-1-acetic acid 119 (400 mg, 3.2 
mmol) was dissolved in CH2Cl2 (10 mL) and the solution cooled to 0°C before DCC (792 mg, 3.8 
mmol), tBuOH (0.38 mL, 3.8 mmol) and DMAP (156 mg, 1.3 mmol) were added. The mixture 
was then stirred for 16 h at room temperature before being quenched with an aqueous solution 
of HCl 1 M (10 mL). The organic layer was separated and washed with water (2 x 20 mL), brine 
(20 mL), dried over Na2SO4, filtered and the solvent removed in vacuo. The crude product was 
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purified by silica gel column chromatography (1:1, petrol/CH2Cl2) to give pure product 162 (477 
mg, 84% yield) as a colourless oil: Rf= 0.34 (1:1, petrol/CH2Cl2); 
1H-NMR (400 MHz, CDCl3) δH 
5.76 (m, 1H, CHalk), 5.68 (m, 1H, CHalk), 3.06 (m, 1H, CH), 2.46-2.08 (m, 5H, CH), 1.52-1.41 (m, 
1H, CH), 1.46 (s, 9H, CHtBu) ppm; 
13C-NMR (100 MHz, CDCl3) δC 172.3, 133.9, 131.2, 80.0, 
42.2, 41.7, 31.8, 29.5, 28.1 ppm. The data is similar to that reported in the literature.66 
 
 
(R)-Methyl mandelate (R)-206.71 
 
 
 
To a stirred solution of (R)-mandelic acid 205 (100 mg, 0.65 mmol) in MeOH (5 mL) was added 
p-TsOH.H2O (12 mg, 0.065 mmol). The mixture was stirred at reflux for 3 h, after which time the 
solvent was evaporated to give an oily residue. The oil was dissolved into CH2Cl2, the solution 
washed with a saturated aqueous solution of NaHCO3 (25 mL), brine (25 mL), dried over Na2SO4 
and evaporated under reduced pressure to give product 206 (108 mg, 100% yield) as a white 
solid: [α]25D= -144.3 (c 1.14, MeOH) [lit.
140 [α]25D= -143 (c 1.0, MeOH)]; 
1H-NMR (400 MHz, 
CDCl3) δH 7.49-7.34 (m, 5H, CHAr), 5.21 (s, 1H, CHOH), 3.79 (s, 3H, CH3) ppm; 
13C-NMR 
(CDCl3, 100 MHz) δC 174.1, 138.2, 128.6, 128.5, 126.6, 72.9, 53.1. The data is identical to that 
reported in the literature.71 
 
 
(2R)-2-Allyloxymandelic methyl ester 207.72 
 
 
 
To a solution of (R)-methyl mandelate 206 (108 mg, 0.65 mmol) in ether (5 mL) was added allyl 
bromide (0.085 mL, 0.99 mmol) and silver oxide (299 mg, 1.3 mmol) under an atmosphere of 
nitrogen. The mixture was refluxed for 2 h in the dark and stirring was continued for 48 h at room 
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temperature. The silver salts were removed by filtration, washed with ether (30 mL) and the 
solvent was removed in vacuo to give analytically pure methyl (2R)-2-allyloxymandelic methyl 
ester 207 (138 mg, 100% yield) as a colourless oil: Rf = 0.18 (10 :1, petrol/diethyl ether); [α]25D = 
-106 (c 1.25, MeOH); 1H-NMR (400 MHz, CDCl3) δH 7.48-7.43 (m, 2H, CHAr), 7.37-7.30 (m, 3H, 
CHAr), 5.93 (dddd, J = 5.5; 6.0; 10.3; 17.3 Hz, 1H, CHalk), 5.32 (dd, J = 1.5; 17.3 Hz, 1H, CH2alk), 
5.26 (dd, J = 1.5 ; 10.3 Hz, 1H, CH2alk), 4.99, (s, 1H, CHO), 4.09-4.07 (m, 2H, CH2), 3.74 (s, 3H, 
CH3) ppm; 
13C NMR (CDCl3, 100 MHz) δC 171.0, 136.1, 133.6, 128.5, 128.4, 127.1, 118.0, 79.5, 
70.2, 52.0. The data is identical to that reported in the literature.72 
 
 
(2R)-2-Allyloxymandelic acid 208.73 
 
 
 
A solution of methyl (2R)-2-allyloxy-2-phenylacetate (R)-207 (110 mg, 0.53 mmol), lithium 
hydroxide monohydrate (111 mg, 2.26 mmol), methanol (5 mL) and water (2 mL) was stirred at 
room temperature for 18 h. The reaction mixture was partitioned between water (40 mL) and 
diethyl ether (40 mL). The aqueous layer was acidified to pH=1 with an aqueous solution of 
hydrochloric acid 2 M and extracted with ethyl acetate (2 x 30 mL), before being dried over 
Na2SO4, filtered and concentrated in vacuo to afford (2R)-2-allyloxy-2-phenylacetic acid (R)-208 
(82 mg, 83% yield) as a colourless oil: Rf= 0.23 (9:1, CH2Cl2/Et2O); [α]
25
D= -103.9 (c 1.06, 
CH2Cl2); 
1H-NMR (400 MHz, CDCl3) δH 7.40-7.45 (m, 2H, CHAr), 7.42-7.37 (m, 3H, CHAr), 5.95 
(dddd, J = 5.7, 6.1, 10.8, 16.5 Hz, 1H, CH), 5.35-5.27 (m, 2H, =CH2), 4.99 (s, 1H, CHO), 4.18-
4.05 (m, 2H, CH2) ppm; 
13C-NMR (100MHz, CDCl3) δC 175.7, 135.5, 133.3, 128.8, 128.6, 127.2, 
118.4, 79.1, 70.3. The data is identical to that of reported in the literature.73 
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6. 2. 2. Bromolactone formation 
 
General procedure for the asymmetric bromination: GP1 
 
NBS was added to a stirred solution of substrate (1 eq.) and catalyst (0.05 eq.) in 
dichloromethane (32 mL, 0.025 M) at -78°C under an inert atmosphere of nitrogen. The reaction 
mixture was stirred for 8 h, then quenched with 20% aqueous sodium sulphite solution (2 x 25 
mL) and extracted with dichloromethane (25 mL). The organic layer was washed with water (25 
mL), brine (25 mL), dried over Na2SO4, filtered and concentrated in vacuo. Where necessary, 
the brominated product was purified by flash column chromatography. Where applicable, the 
diastereomeric excess of the bromolactone product was determined by 1H NMR (CDCl3) 
analysis and enantiomeric excess by chiral HPLC analysis. The effects of the variation of 
catalyst structure, stoichiometry, solvent, temperature, concentration and time on the yield and 
the enantioselectivity of the reaction are all detailed in the main text (see Chapter 2). 
 
 
(±)-6-Bromohexahydrocyclopenta[b]furan-2-one 120.42 
 
 
 
Starting from racemic cyclopenten-1-acetic acid (±)-119 (100 mg, 0.8 mmol) and following GP1, 
the reaction afforded the crude bromolactone. The crude product was purified by silica gel 
column chromatography (CH2Cl2) to yield (±)-6- bromohexahydrocyclopenta-[b]-furan-2-one 120 
(77 mg, 48% yield, 11% e.e.) as a colourless oil: the enantiomers were separated by chiral 
HPLC; Chiralpak AD-H 1 mL/min (7:3, hexane/iso-propanol); UV-lamp 232 nm, tR 9.52 and 
12.79 min, the absolute configuration was not determined; Rf= 0.30 (CH2Cl2); 
1H-NMR (400 
MHz, CDCl3) δH 5.05 (d, J = 6.2 Hz, 1H, C(O)OCH), 4.43 (d, J = 4.2 Hz, 1H, CHBr), 3.20-3.10 
(m, 1H, CH), 2.86 (dd, J = 10.4; 18.5 Hz, 1H, CHH’), 2.49-2.19 (m, 4H, CH2), 1.58-1.63 (m, 1H, 
CHH’) ppm; 13C-NMR (100 MHz, CDCl3) δC 176.5, 90.5, 52.9, 36.0, 36.0, 33.1, 31.4 ppm; MS 
(ESI): 222/224 (M+H+). This data is identical to that reported by a previous member of the 
group.42 
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(±)-6-Bromohexahydrocyclopenta[b]furan-2-one 120. 
 
 
 
Starting from racemic tert-butyl cyclopenten-1-acetate (±)-162 (100 mg, 0.8 mmol) and following 
the general procedure described above, the reaction afforded the crude bromolactone. The 
crude product was purified by silica gel column chromatography (CH2Cl2) to yield (±)-6- 
bromohexahydrocyclopenta-[b]-furan-2-one 120 as a colourless oil (66 mg, 41% yield), 
displaying the same spectroscopic data as reported above. 
 
 
6-Bromomethyl-3-phenyl-1,4-dioxan-2-one 209. 
 
 
 
Starting from racemic 2-allyloxymandelic acid (±)-208 (100 mg, 0.52 mmol) and following the 
general procedure GP1, the reaction afforded the crude bromolactone. Purification of this crude 
by silica gel column chromatography (1:0 to 95:5, petrol/Et2O) afforded an inseparable mixture of 
diastereoisomers (S*,S*) and (S*,R*)-209 (20 mg, 14% yield). Further purification by HPLC: 
SUPELCOSIL LC-Si semi-prep 25 cm x 10 mm: 1 mL/min (99:1, Hexane/iso-propanol) 
succeeded to separate the 1:1 ratio of diastereoisomers (S*,S*) and (S*,R*) both as colourless 
oils.  
Diasteroisomer 1: tR= 36.0 min; 1H-NMR (400 MHz, CDCl3) δ: 7.50-7.41 (m, 5H, CHAr), 5.34 (s, 
1H, PhCHO), 4.99-4.93 (m, 1H, CH), 4.33 (dd, J = 3.8, 12.6 Hz, 1H, CH2), 3.95 (dd, J = 3.8, 12.6 
Hz, 1H, CH2), 3.63-3.55 (m, 2H, CH2Br) ppm;
 13C-NMR (125 MHz, CDCl3) δC 166.5, 135.4, 
129.0, 128.9, 128.7, 127.4, 127.2, 78.3, 77.6, 64.7, 28.7 ppm; MS (ESI): 288/290 (M+NH4
+); 
HRMS for (M+NH4
+) C11H15O3N
79Br and C11H15O3N
81Br calculated 288.0235 and 290.0214, 
found 288.0235 and 290.0215. 
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Diasteroisomer 2: tR= 42.2  min; 1H-NMR (400 MHz, CDCl3) δH 7.50-7.41 (m, 5H, CHAr), 5.41 (s, 
1H, PhCHO), 4.88-4.82 (m, 1H, CH), 4.16 (dd, J = 4.5, 12.6 Hz, 1H, CH2), 4.08 (dd, J = 4.5, 12.6 
Hz, 1H, CH2), 3.72-3.63 (m, 2H, CH2Br) ppm;
 13C-NMR (125 MHz, CDCl3) δC 166.5, 134.67, 
129.0, 128.7, 127.5, 78.1, 77.6, 62.2, 28.8 ppm; MS (ESI) 288/290 (M+NH4
+); HRMS for 
(M+NH4
+) C11H15O3N
79Br and C11H15O3N
81Br calculated 288.0235 and 290.0214, found 288.0235 
and 290.0219. 
 
 
6. 3. Synthesis of new catalysts. 
 
6. 3. 1. Bis-amidines and iodo-bis-amidines. 
 
3,5-Bis-bromoanisole 137.54 
 
 
 
Sodium methoxide (700 mg, 13 mmol) was added to a stirred solution of 3,5-
dibromofluorobenzene 136 (1.5 g, 5.9 mmol) in dry DMF (12 mL) at 0oC, under a nitrogen 
atmosphere. The reaction was allowed to slowly warm to room temperature and was left to stir 
for a further 16 h before the solvent was evaporated under reduced pressure. The residue was 
dissolved in diethylether (50 mL) and the solution washed with water (3 x 100 mL), brine (100 
mL), dried over Na2SO4, filtered and the solvent evaporated in vacuo to afford pure product 137 
(1.1 g, 70% yield) as a white solid: m.p. 40-43°C [lit.141 43°C]; 1H-NMR (400 MHz, CDCl3) δH 
7.26 (s, 1H CHAr), 7.0 (s, 2H, CHAr), 3.79 (s, 3H, OMe) ppm. The data is identical to that of 
reported in the literature.54 
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3,5-Bis-cyanoanisole 139.54 
 
 
 
3,5-Bis-bromoaniosole 137 (916 mg, 3.4 mmol) was dissolved in dry DMF (20 mL) at room 
temperature, under a nitrogen atmosphere and zinc cyanide (485 mg, 4.1 mmol), tris-
(dibenzylideneacetone)dipalladium(0) (175.4 mg, 0.17 mmol) and 1,1’-bis-(diphenylphosphino)-
ferrocene (209 mg, 0.38 mmol) were added. The solution was then heated at 100°C for 20 h 
before being cooled to room temperature and quenched with water (50 mL). The product was 
extracted with ethyl acetate (2 x 100 mL) and the organics were washed with water (2 x 50 mL), 
brine (50 mL), dried over Na2SO4, filtered and the solvent removed under reduced pressure. The 
resulting solid was triturated in toluene (25 mL) to provide after filtration pure bis-cyanide product 
139 (235 mg, 43% yield) as a tan solid: FT-IR (NaCl) υmax 2360, 2342 cm
-1; 1H-NMR (400 MHz, 
CDCl3) δH 7.48 (s, 1H, CHAr), 7.31 (s, 2H, CHAr), 3.83 (s, 3H, OMe) ppm; 
13C-NMR (100MHz, 
CDCl3) δC 127.2, 121.8, 116.6, 114.9, 56.1, the 
13C cyanide was not observed in the 13C-spectra; 
MS (EI) 158 (M+H+).The data is identical to that reported in the literature.54 
 
 
3,5-Dimethylanisole 150.61 
 
 
 
To a solution of 3,5-dimethylphenol 149 (2.5 g, 20 mmol) in dry acetone (20 mL) were added 
anhydrous K2CO3 (4.23 g, 30 mmol) and iodomethane (3.8 mL, 60 mmol). The mixture was 
heated at reflux for 24 h, under a nitrogen atmosphere. After cooling to room temperature, the 
solution was filtered through celite, and the filtrate was concentrated in vacuo. The residue was 
taken up in CH2Cl2 (100 mL) and washed with an aqueous solution of NaOH 10% (50 mL). The 
organic layer was dried over Na2SO4, filtered and the solvent removed under reduced pressure 
to afford 3,5-dimethylanisole 150 (2.41 g, 88% yield) as a colourless oil: 1H-NMR (400 MHz, 
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CDCl3) δ: 6.99 (s, 1H, CHAr), 6.63 (s, 2H, CHAr), 3.85 (s, 3H, OMe), 2.38 (s, 6H, Me) ppm. The 
data is identical to that reported in the literature.61 
 
 
3,5-Dimethyl-4-iodoanisole 151.61 
 
 
 
To a solution of 3,5-dimethylanisole 150 (2.41 g, 17.7 mmol) in methanol (15 mL) was added a 
solution of concentrated HCl (10 mL). To the resulting mixture, a solution of potassium iodide 
(2.05 g, 12.4 mmol) and potassium iodate (1.13 g, 5.31 mmol) in water (15 mL) was added over 
a period of 10 min. The solution turned from colourless to cloudy brown. After stirring for 16 h at 
room temperature, the reaction mixture was extracted with CH2Cl2 (2 x 100 mL) and the organics 
were washed with a saturated aqueous solution of Na2S2O4 (50 mL),  an aqueous solution of 
NaOH 10% (50 mL),before being dried over Na2SO4, filtered and the solvent evaporated in 
vacuo to afford pure product 151 (3.39 g, 72% yield) as a colourless oil: 1H-NMR (400 MHz, 
CDCl3) δH 6.67 (s, 2H, CHAr), 3.78 (s, 3H, OMe), 2.45 (s, 6H, CH3) ppm. The data is identical to 
that reported in the literature.61 
 
 
2-Iodo-5-methoxyisophthalic acid 152.61 
 
 
 
3,5-Dimethyl-4-iodo-anisole 151 (991 mg, 3.8 mmol) was suspended in water (10 mL) and 
NaOH (672 mg, 16 mmol) was added. A hot solution of KMnO4 (5.3 g, 34 mmol) in a 1:1 mixture 
of water/tBuOH (15 mL each) was added carefully and the mixture was heated to reflux for 8 h 
before being cooled down to room temperature. The solution was filtered through Celite and an 
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aqueous solution of NaOH 10% was added to the filtrate until reaching pH=7. The aqueous 
solution was then extracted with diethylether (2 x 100 mL). The combined organics were dried 
over Na2SO4, filtered and the solvent was removed in vacuo to yield pure bis-acid 152 (1 g, 83% 
yield) as a white solid: m.p. 180-183°C; FT-IR (NaCl) υmax 2947, 1706 cm
-1; 1H-NMR (400 MHz, 
MeOD) δH 7.23 (s, 2H, CHAr), 3.87 (s, 3H, OCH3) ppm; MS (E.I.) 322 (M+H
+). The data is 
identical to that reported in the literature.61 
 
 
Dimethyl 2-iodo-5-methoxyisophthaloate 153. 
 
 
 
In a jointless round-bottomed flask, KOH (5 g) was dissolved in water (5 mL) and diethyl ether 
(25 mL) was added. After 5 min, N-nitroso-N-methylurea was added and the mixture was left to 
stir for 5 min. More N-nitroso-N-methylurea was added repeatedly every 5 min until the organic 
layer became bright yellow. In total 2 g (19 mmol) of urea were added. The organic solution was 
then carefully transferred by pipette (burnt end) into another jointless flask containing 2-iodo-5-
methoxyisophthalic acid 152 (1 g, 3.14 mmol) in diethyl ether (10 mL). The reaction being 
instantaneous, it can be monitored by colouration. When the ethereal solution remains yellow, 
the reaction is complete. Acetic acid was added until the colouration disappeared. Subsequently, 
the solvent was evaporated in vacuo and the residue was purified by silica gel column 
chromatography (8:2, petrol/diethyl ether) to afford pure 153 (780 mg, 71% yield) as a colourless 
oil: FT-IR (NaCl) υmax 1729 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 7.20 (s, 2H, CHAr), 3.95 (s, 6H, 
C(O)OCH3), 3.83 (s, 3H, OCH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 167.8, 159.1, 142.8, 112.8, 
97.0, 56.2, 29.7 ppm.  
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3,5-Bis(hydroxymethyl)anisole 154. 
 
 
 
Lithium aluminium hydride (15 mg, 0.4 mmol) was added to a stirred solution of dimethyl 2-iodo-
5-methoxyisophthaloate 153 (35 mg, 0.1 mmol) in THF (5 mL) at room temperature. The mixture 
was refluxed for 5h before being quenched by ethyl acetate (10 mL) and an aqueous solution of 
sulphuric acid 1 M (2 mL). The layers were separated and the organics were washed with water 
(20 mL), before being dried over Na2SO4, filtered and the solvent evaporated in vacuo to afford 
the crude product. Purification by silica gel column chromatography (3:1, CH2Cl2/EtOAc) 
afforded pure diol 154 (5 mg, 30% yield) as a white solid: m.p. 65-66°C [lit.142 67-68°C]; 1H-NMR 
(400MHz, CDCl3) δH 6.95 (s, 1H CHAr), 6.80 (s, 2H, CHAr), 3.82 (s, 4H, CH2), 1.23 (s, 3H, CH3); 
13C-NMR (100 MHz, CDCl3) δC 160.1, 142.7, 117.5, 111.2, 65.1, 55.3. The data is identical to 
that reported in the literature.142 
 
 
2-Iodoisophthaldialdehyde 117.50,51  
 
 
 
 
Following the procedure of Redmond,50,51 a solution of iodonitrile 116 (2 g, 7.9 mmol) in CH2Cl2 
(20 mL) was cooled to -78 ºC. A solution of DIBAL-H (23 mL, 1 M in toluene) was added over a 
period of 10 min via a cooled (-10 ºC) dropping funnel (cardice was wrapped around it with foil 
paper). The reaction mixture was stirred with the temperature maintained between -70oC to -
78oC for 2 h, and the temperature allowed to gradually rise to 0oC. Over this time the reaction 
mixture changed from colourless to deep orange-red. After stirring for 3 h the reaction mixture 
was cooled to -10oC prior to the drop-wise addition of an ice-cold aqueous solution of HCl 3 M 
(30mL). The resulting slurry was stirred at 0oC for 1.5 h, allowed to warm to room temperature, 
stirred for a further 20 h, and the biphasic mixture was separated and the aqueous phase was 
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extracted with CH2Cl2 (100 mL). The combined organic phases were washed with water (20 mL), 
brine (20mL), dried over Na2SO4, filtered and concentrated. The crude product was dissolved in 
a solution of EtOAc (20 mL), EtOH (11 mL) and water (4 mL) at 40oC under an inert atmosphere 
of nitrogen. Sodium bisulfite (1.18 g, 11.8mmol) was added and after stirring for 2 h the resulting 
precipitate was separated by filtration. The residue was washed with EtOH (5 mL), EtOAc (5 mL) 
and dried overnight in a vacuo oven (40ºC) to yield the bis-bisulfite salt of dialdehyde (2.3 g) as 
a colourless powder. The bisulfite salt (2.3 g) was dissolved in water (15 mL) and the aqueous 
phase was overlain with EtOAc (15 mL). The biphasic mixture was stirred in an ice-bath and an 
aqueous solution of NaOH 10 M (4 mL) was added. After stirring for 15 min the organic phase 
was separated and the aqueous phase re-extracted with EtOAc (50 mL). The combined organic 
phases were washed with water (25 mL), brine (25 mL), dried over Na2SO4, filtered and 
concentrated to afford pure dialdehyde 117 (950 mg, 46 % overall) as pale yellow needles: mp 
130-132°C [lit.51 131-134°C]; 1H-NMR (400 MHz, CDCl3) δH 10.20 (s, 2H, CHO), 8.09 (d, J = 7.6 
Hz, 2H, CHAr), 7.56 (t, J = 7.6 Hz, 1H, CHAr) ppm; 
13C-NMR (100 MHz, CDCl3) δC 195.0, 136.0, 
135.7, 129.0, 106.2 ppm. HRMS calcd for (M+H+) C8H5IO2 259.9334, found 259.9325. The data 
is identical to that reported by a previous member of the group.50,51 
 
 
(1R,2R)-1,2-Bis-(2,4,6-trimethylphenyl)ethylenediamine 164.143 
 
 
 
Commercial (1R,2R)-1,2-bis-(2,4,6-trimethylphenyl)ethylenediamine-di-hydrochloride salt (175 
mg) was solubilised in a solution of NaOH 20% in water (20 mL) before diethyl ether (20 mL) 
was added. The biphasic mixture was left stirring for 2 h before the organic layer was separated, 
dried over Na2SO4 and evaporated in vacuo to afford the free diamine 164 (140 mg, 99% yield) 
as a white solid: m.p. 187-189°C [lit.144 185-186°C]; 1H-NMR (400 MHz, CDCl3) δH 6.79 (s, 2H, 
CHAr), 6.54 (s, 2H, CHAr), 4.72 (s, 2H, CH), 2.67 (s, 6H, CH3), 1.81 (s, 6H, CH3), 1.64 (s, 6H, 
CH3) ppm. The data is identical to that reported in the literature
143 and the free diamine was 
assumed to be optically pure. 
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(2R)-1,2-Propanediamine 171.145 
 
 
 
Commercial (2R)-1,2-propanediamine-di-hydrochloride salt was introduced in a Kugelrohr as 
well as NaOH (10 eq.) and the mixture was heated at 200oC for 15 min. The oil collected was 
the pure product 171: 1H-NMR (400 MHz, CDCl3) δH 2.80 (ddq, J = 4.5, 5.6, 6.4 Hz, 1H, CH), 2.6 
(dd, J = 4.5, 12.5 Hz, 1H, CH2), 2.43 (dd, J =5.6, 12.5 Hz, 1H, CH2), 1.44 (bs, 4H, NH2), 1.33 (d, 
J = 6.4 Hz, 3H, CH3) ppm. The data is identical to that reported in the literature
145 and the free 
diamine was assumed to be optically pure. 
 
 
1,3-Di[(4R,5R)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2-yl]iodobenzene (R,R)-118.50,51 
 
 
 
(1R, 2R)-1,2-Diphenylethylenediamine (R,R)-131 (1.14 g, 5.3 mmol) was added to a stirred 
solution of 2-iodoisophthalaldehyde 117 (680 mg, 2.63 mmol) at 0°C in dry toluene (25 mL), and 
left to stir at 0°C under a nitrogen atmosphere. After 16 h the volatiles were removed in vacuo 
and the residue was taken up in dry dichloromethane (30 mL) under an inert atmosphere of 
nitrogen. The solution was cooled to 0°C, NBS (943 mg, 5.3 mmol) added and the reaction 
mixture allowed to warm slowly to room temperature with stirring. After 16 h the reaction mixture 
was diluted with dichloromethane (40 mL), washed with a 10% aqueous solution of sodium 
hydroxide (50 mL), water (50 mL), brine (50 mL), dried over Na2SO4, filtered and concentrated in 
vacuo. The crude product was crystallised from hot ethanol (10 mL) to afford 2,6-di[(4R,5R)-4,5-
diphenyl-4,5-dihydro-1H-imidazol-2-yl]iodobenzene (R,R)-118 (1.38 g, 82% yield) as a cream 
powder: [α]25D= +88.2 (c 2.1, CH2Cl2); 
1H-NMR (400 MHz, CDCl3) δH 7.56-7.23 (m, 23H, CHAr), 
5.37 (s, 2H, NH), 4.69 (s, 4H, NCHPh) ppm; 13C-NMR (100 MHz, CDCl3) δC 165.4, 142.3, 138.1, 
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131.1, 128.7, 127.7, 127.0, 95.5, 75.0 ppm, only nine carbon were visible in the 13C-NMR 
soectra; MS (ESI+): 645 (M+H+). Data matching the one previously reported within the group.50,51 
 
 
1,3-Di[(4S,5S)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2-yl]iodobenzene (S,S)-118. 
 
 
 
Following the above procedure starting from (1S,2S)-1,2-diphenylethylenediamine 131 (1.36 g, 
6.4 mmol) and 2-iodoisophthalaldehyde 117 (809 mg, 3.1 mmol) gave bis-amidine (S,S)-118 
(1.55 g, 78% yield) as a cream solid. [α]25D= +97.7 (c 4.8, CH2Cl2). The other spectral data is 
identical to that of its enantiomer. 
 
 
2,6-Di[(4R,5R)-4,5-di-tert-butyl-4,5-dihydro-1H-2,3-dihydro-imidazol-2-yl]iodobenzene 165. 
 
 
 
(1R,2R)-1,2-Di-tert-butyl-1,2-diaminoethane 163 (450 mg, 2.88 mmol) was added to a stirred 
solution of dialdehyde 117 (340 mg, 1.31 mmol)at 0°C in toluene (5 mL). The reaction was 
stirred for 3 h at room temperature, and the volatiles were removed in vacuo to afford the title 
compound 165 (700 mg, 94%) as a white solid: mp 238°C. [α]25D= +83.6 (c 1.0, CH2Cl2); 
1H-
NMR (400 MHz, CDCl3) δH  7.95 (d, J = 7.6 Hz, 2H, CHAr), 7.32 (t, J = 7.6 Hz, 1H, CHAr), 5.35 (s, 
2H, CHN2), 3.11 (d, J = 2.4 Hz, 2H, CH
tBu), 2.85 (d, J = 2.4 Hz, 2H, CHtBu ), 1.8-1.6 (br s, 4H, 
NH), 1.05 (s, 18H, tBu), 0.95 (s, 18H, tBu) ppm; 13C-NMR (100 MHz, CDCl3) δC 145.6, 128.1, 
127.8, 106.4, 80.5, 68.5, 66.4, 35.8, 35.1, 28.1, 27.0 ppm; HRMS calcd for (M+) C28H49IN4 
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569.3035, found 569.3095. Anal. Calcd for C28H49IN4: C, 59.13; H, 8.54; N, 9.74. Found: C, 
59.16; H, 8.69; N, 9.81.51 
 
 
2,6-Di[(4R,5R)-4,5-di-tert-butyl-4,5-dihydro-1H-imidazol-2-yl]iodobenzene 166. 
 
 
 
To a stirred solution of aminal 165 (530 mg, 0.92 mmol) in CH2Cl2 (5 mL) at 0 °C was added 
NBS (160 mg, 0.92 mmol) and the reaction mixture allowed to warm to room temperature. After 
8 h, another equivalent of NBS was added and stirring continued for a further 8 h. The mixture 
was diluted with CH2Cl2, washed successively with a 10% aqueous solution of NaOH, water and 
brine, and dried over Na2SO4. The solution was filtered, concentrated in vacuo and recrystallised 
from EtOH/water to afford the title compound 166 (330 mg, 63%) as a white solid: mp 256 _C. 
[a]D = +72.6 (c 1.0, CH2Cl2); 
1H-NMR (400 MHz, CDCl3) H 7.49 (d, J = 7.5 Hz, 2H, CHAr), 7.32 
(t, J = 7.5 Hz, 1H, CHAr), 5.35–5.15 (br s, 2H, NH), 3.75–3.50 (br s, 2H, CH
tBu), 3.50–3.30 (br s, 
2H, CHtBu), 1.05 (br s, 18H, tBu), 0.95 (br s, 18H, tBu) ppm; 13C-NMR (100 MHz, CDCl3) C 
163.5, 139.4, 131.9, 128.4, 66.2, 35.3, 34.7, 26.7, 25.5 ppm, one carbon signal (CI carbon) was 
not observed in the 13C-NMR spectra in CDCl3 ; HRMS (ESI) calculated for (M+H
+) C28H46IN4 
565.2767, found 565.2774.51 
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2,4-Di[(4R,5R)-4,5-bis(2,4,6-trimethylphenyl)-4,5-dihydro-1H-imidazol-2-yl]iodobenzene 
167. 
 
 
 
1-Iodoisophthalaldehyde 117 (15.6 mg, 0.116 mmol) and ((1R,2R)-1,2-bis(2,4,6-
trimethylphenyl)ethylenediamine 164 (70 mg, 0.232 mmol) were dissolved in dry toluene (5 mL). 
After 16 h, the solvent was evaporated and the crude dissolved in CH2Cl2 before NBS (38.5 mg, 
0.21 mmol) was added. The reaction was left to stir for another 16 h, before being quenched 
with an aqueous solution of NaOH 10 % (25 mL). The layers were separated, the organics were 
washed with water and brine, dried over Na2SO4, filtered, concentrated in vacuo and purified by 
column chromatography (1:4, CH2Cl2/EtOAc) to afford the pure product 167 (51 mg, 48% yield) 
as a cream solid: m.p. 261°C; FT-IR (NaCl) υmax 1610 cm
-1; The 1H and 13C NMR spectra 
displayed only extremely broad signals; MS (ESI) 813 (M+H+); HRMS for (M+H+) C48H54IN4 
calculated 813.3393, found 813.3427.51 
 
 
1,3-Di[(4R,5R)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2-yl]benzene (R,R)-168.50,51 
 
 
 
(1R,2R)-1,2-Diphenylethylenediamine (R,R)-131 (500 mg, 2.3 mmol) was added to a stirred 
solution of isophthalaldehyde 170 (154 mg, 1.15 mmol) at 0 °C in toluene (15 mL) and left to stir 
at 0 °C. After 16 h the volatiles were removed in vacuo and the residue was taken up in dry 
dichloromethane (15 mL). The solution was cooled to 0°C, NBS (409 mg, 2.3 mmol) was added 
and the reaction mixture was allowed to warm slowly to room temperature with stirring. After 16 
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h the reaction mixture was diluted with dichloromethane (20 mL), washed with an aqueous 
solution of NaOH 10% (25 mL), water (25 mL), brine (25 mL), dried over Na2SO4, filtered and 
concentrated in vacuo. The crude product was columned on silica gel chromatography (1:1, 
CH2Cl2/EtOAc) to afford pure 2,6-di-[(4R,5R)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2-
yl]iodobenzene 168 (916 mg, 65% yield) as a cream powder: mp 129-135°C; [α]25D= -16.1 (c 2.0, 
CH2Cl2); 
1H-NMR (400 MHz, CDCl3) δH 8.42 (s, 1H, CHAr), 8.09 (d, J = 7.2 Hz, 2H, CHAr), 7.53 (t, 
J = 7.2 Hz, 1H, CHAr), 7.36-7.26 (m, 20H, CHAr), 4.90 (br s, 4H, CHN) ppm; 
13C-NMR (100 MHz, 
CDCl3) δC 162.4, 143.2, 130.4, 129.9, 128.9, 128.7, 127.6, 126.6, 126.3, 77.2 ppm; MS (ESI
+): 
519 (M+H+). Data matching the one previously reported within the group.50,51 
 
 
1,3-Di[(4R,5R)-4,5-bis(2,4,6-trimethylphenyl)4,5-dihydro-1H-imidazol-2-yl]benzene 169. 
 
 
 
Isophthalaldehyde 170 (12.4 mg, 0.093 mmol) and ((1R,2R)-1,2-bis(2,4,6-
trimethylphenyl)ethylenediamine 164 (55 mg, 0.18 mmol) were dissolved in dry toluene (10 mL). 
After 16 h, the solvent was evaporated and the crude dissolved in CH2Cl2 (10 mL) before NBS 
(35 mg, 0.19 mmol) was added. The reaction was left to stir for another 16 h, before being 
quenched with an aqueous solution of 10% NaOH (20 mL). The layers were separated, the 
combined organics were washed with water (25 mL) and brine (25 mL), dried over Na2SO4, 
filtered, concentrated in vacuo and purified by column chromatography (1:1, CH2Cl2/EtOAc) to 
afford the product 169 (27 mg, 42% yield) as a yellow solid: m.p. 228-230°C; [α]D= +82.9 (c 1.0, 
CH2Cl2); FT-IR (NaCl) υmax 1612 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 8.35 (br s, 1H, CHAr), 8.03 
(d, J = 8.0 Hz, 2H,  CHAr), 7.53 (br s, 1H, CHAr), 6.95-6.70 (br m, 10H, CHAr), 5.31 (br s, 4H, 
CHMes), 2.47 (br s, 12H, CH3), 2.23 (s, 12H, CH3), 1.80 (br s, 12H, CH3) ppm; 
13C-NMR (100 
MHz, CDCl3) δC 161.7, 137.1, 136.5, 134.6, 131.4, 129.7, 128.9, 99.9, 95.0, 20.7, 20.3 ppm, dur 
to overlapping, one carbon signal (counting for 4C, C-Mes) was not observed in the 13C-NMR 
spectra in CDCl3; MS (ESI) 687 (M+H
+); HRMS for (M+H+) C48H55N4 calculated 687.4427, found 
687.4436.51 
 
 197 
1,4-Di[(4R,5R)-4,5-diphenyl-4,5-dihydro-1H-imidazol-2-yl]benzene or 1,4-(R,R)-BAM 173. 
 
 
 
Terephthalaldehyde 175 (103 mg, 0.775 mmol) and (1R, 2R)-1,2-diphenylethylenediamine 131 
(337 mg, 1.59 mmol) were dissolved in dry toluene (10 mL). After 16 h, the solvent was 
evaporated and the crude dissolved in CH2Cl2 before NBS (290 mg, 1.6 mmol) was added. The 
reaction was left to stir for another 16 h, before being quenched with an aqueous solution of 
10% NaOH (25 mL). The layers were separated, the organics were washed with water (50 mL) 
and brine (50 mL), dried over Na2SO4, filtered, concentrated in vacuo and purified by silica gel 
column chromatography (1:1, CH2Cl2/EtOAc) to afford pure bis-amidine product 173 (347 mg, 
86% yield) as a yellow solid: m.p. 238-240°C; [α]25D= -7.7 (c 0.5, CHCl3); FT IR (NaCl) υmax 1595 
cm-1; 1H-NMR (400 MHz, CDCl3) δH 8.03 (s, 4H, CHAr), 7.36 (m, 20H, CHAr), 4.94 (br s, 4H, CH) 
ppm; 13C-NMR (100 MHz, CDCl3) δC 162.4, 143.1, 132.3, 128.7, 127.6, 126.6, 110.0, 76.8 ppm; 
HRMS for (M+H+) C36H31N4 calculated 519.2549, found 519.2541; Anal. calculated for C36H30N4: 
C, 83.37; H, 5.83; N, 10.80. found C, 83.60; H, 5.91; N, 10.74.51 
 
 
1,4-Di[(4R,5R)-4,5-bis(2,4,6-trimethylphenyl)-4,5-dihydro-1H-imidazol-2-yl]benzene 174. 
 
 
 
Terephthalaldehyde 175 (12.4 mg, 0.093 mmol) and (1R,2R)-1,2-diphenylethylenediamine 164 
(55 mg, 0.18 mmol) were dissolved in dry toluene (10 mL). After 16 h, the solvent was 
evaporated and the crude dissolved in CH2Cl2 (10 mL) before NBS (35 mg, 0.19 mmol) was 
added. The reaction was left to stir for another 16 h, before being quenched with an aqueous 
solution of NaOH 10% (20 mL). The layers were separated, the organics were washed with 
water (25 mL) and brine (25 mL), dried over Na2SO4, filtered, concentrated in vacuo and purified 
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by column chromatography (1:1, CH2Cl2/EtOAc) to afford the desired product 174 (28 mg, 44% 
yield) as a yellow solid: m.p. 262-264°C; [α]D= +47.8 (c 1.0, MeOH); FT-IR (NaCl) υmax 1610 cm
-
1; Due to steric bulk, the 1H-NMR spectrum was extremely broad and not useful for 
characterisation; 13C-NMR (100 MHz, CDCl3) δH 164.1, 136.3, 135.2, 132.3, 131.1, 130.5, 129.1, 
127.3, 20.7, 19.7 pm, one carbon signal (counting for 4C, C-Mes) was not observed on the 13C-
spectra in CDCl3; MS (ESI) 687 (M+H
+); HRMS for (M+H+) C48H55N4 calculated 687.4427, found 
687.4434.51 
 
 
 
6. 3. 2. Rearranged compounds 
 
(2R,3R)-2,3-Diphenyl-3,5-dihydro-2H-imidazol[2,1]isoindole 178. 
 
 
 
o-Phthalaldehyde 176 (150 mg, 1.12 mmol) and  (1R,2R)-1,2-diphenylethylenediamine 131 (474 
mg, 2.23 mmol) in CH2Cl2 (10 mL) were stirred at room temperaturefor 4 h. The solvent was 
evaporated and the crude purified by column chromatography (1:1 CH2Cl2/EtOAc to 100% 
MeOH) to afford the pure product 178 (250 mg, 72%) as a white solid: mp. 74-76°C. [α]26D= 
+24.7 (c 0.91, CHCl3); FT IR (NaCl) υmax 1643 cm
-1; 1H-NMR (400 MHz, CDCl3) δH  8.10 (d, J = 
7.17 Hz, 1H, CHAr), 7.60-7.23 (m, 13H, CHAr), 5.39 (d, J = 10.0 Hz, 1H, CHPh), 4.58 (d, J = 10.0 
Hz, 1H, CHPh), 4.36 (d, J = 15.5 Hz, 1H, CHH’N), 4.16 (d, J =15.5 Hz, 1H, CHH’N) ppm; 
13C-
NMR (100 MHz, CDCl3)  δC 170.4, 147.3, 142.1, 139.9, 131.3, 128.9, 128.5, 128.4, 128.3, 128.1, 
127.5, 127.2, 126.9, 124.1, 123.8, 85.1, 74.1, 49.3 ppm; HRMS (ESI) calcd for (M+H+) C22H19N2 
311.1548, found 311.1550. 
 
 
 
 199 
3,5-Dihydro-2H-imidazol[2,1]isoindole 179. 
 
 
 
A solution of phthalaldehyde 176 (200 mg, 1.49 mmol) and 1,2-ethylenediamine 182 (896 mg, 
14.9 mmol) in dichloromethane (10 mL) was stirred for 2 h at room temperature. The solvent 
was then evaporated and the crude purified by column chromatography (1:1, CH2Cl2/Ethyl 
acetate, to a 100% methanol) to afford the pure product 179 (158 mg, 60% yield) as a yellow oil: 
FT-IR (NaCl) υmax 675 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 7.82 (d, J = 7.2 Hz, 1H, CHAr), 7.51-
7.35 (m, 3H, CHAr), 4.25 (t, J = 8.7 Hz, 2H, CH2), 4.21 (s, 2H, CH2N), 3.4 (t, J = 8.7 Hz, 2H, CH2) 
ppm; 13C-NMR (100 MHz, CDCl3) δC 172.3, 147.5, 130.6, 128.5, 127.8, 123.5, 123.2, 60.4, 50.9, 
49.2 ppm; HRMS for (M+H+) C10H11N2 calculated 159.0878 found 159.0911; Anal. calculated for 
C10H10N2, C, 63.76; H, 5.00; N, 12.51, found C, 63.82; H, 4.90; N, 12.59.
51 
 
 
(2R)-2-Methyl-2,5-dihydro-3H-imidazol[2,1-a]isoindole 183a and (3R)-3-methyl-2,5-dihydro-
3H-imidazol[2,1-a]isoindole 183b. 
 
 
 
A solution of dialdehyde 176 (100 mg, 0.74 mmol) and 1,2-ethylenediamine 171 (110 mg, 1.49 
mmol) in CH2Cl2 (10 mL) was stirred for 2 h at room temperature. The solvent was evaporated 
and the crude purified by column chromatography (1:1, CH2Cl2/Ethyl acetate, to a 100% 
methanol) to afford the pure mixture of regioisomers 183a and 183b (40 mg, 30% yield) as a 
colourless oil: FT-IR (NaCl) υmax 1667.3 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 7.80 (m, 1H major 
and 1H minor, CHAr), 7.51-7.38 (m, 3H major and 3H minor, CHAr), 4.69-4.55 (m, 1H major), 
4.40-4.30 (m, 1H major and 2H minor), 4.20-4.14 (m, 1H major and 1H minor), 4.83-4.77 (m, 2H 
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minor), 3.65 (t, J = 8.3 Hz, 1H major), 2.90 (t, J = 9.0 Hz, 1H major), 1.47 (d, J = 6.6 Hz, 3H 
major, CH3), 1.38 (d, J = 6.6 Hz, 3H minor, CH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 171.1, 
170.6, 147.4, 147.2, 130.6, 127.9, 127.8, 123.6, 123.5, 123.4, 123.3, 67.3, 67.2, 56.6, 55.9, 
50.8, 48.3, 21.3, 18.2 ppm, all the aromatic carbons were not observed due to overlapping; MS 
(ESI) 173 (M+H+); HRMS for (M+H+) C11H14N2 calculated 173.1034, found 173.1070. 
51 
 
 
(2R,3R)-2,3-Dimesityl-3,5-dihydro-2H-imidazol[2,1]isoindole 184.  
 
 
 
A solution of phthalaldehyde 176 (33 mg, 0.25 mmol) and (1R,2R)-1,2-(2,4,6-
trimethyldiphenyl)ethylenediamine 164 (148 mg, 0.5 mmol) in CH2Cl2 (10 mL) was stirred for 4 h 
at room temperature. The solvent was then evaporated and the crude purified by column 
chromatography (1:1, CH2Cl2/Ethyl acetate, to a 100% methanol) to afford the pure product 184 
(90 mg, 95% yield) as a yellow solid: m.p. 147-149oC; [α]26D= + 96.5 (c 1.0, CHCl3); FT-IR (NaCl) 
υmax 1642.7 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 7.96 (d, J = 7.2 Hz, 1H, CHAr), 7.60–7.40 (m, 
3H, CHAr), 6.90 (s, 1H, CHMes), 6.82 (s, 1H, CHMes), 6.74 (s, 1H, CHMes), 6.70 (s, 1H, CHMes), 6.02 
(d, J = 11.4 Hz, 1H, CHMes), 5.36 (d, J = 11.4 Hz, 1H, CHMes), 4.34 (d, J = 15.7 Hz, 1H, CH2), 
4.26 (d, J = 15.7 Hz, 1H, CH2), 2.47 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.26 (s, 3H, CH3), 2.24 (s, 
3H, CH3), 1.84 (s, 3H, CH3), 1.80 (s, 3H, CH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 168.7, 146.7, 
137.7, 137.0, 136.6, 136.3, 136.1, 134.4, 132.5, 131.5, 131.2, 130.6, 129.1, 128.7, 128.0, 123.7, 
123.5, 81.4, 78.8, 65.3, 49.2, 21.0, 20.8, 20.8, 20.5, 20.3, 20.2 ppm; MS (ESI) 395 (M+H+); 
HRMS for (M+H+) C28H31N2 calculated 395.2443, found 395.2218; Anal. calculated for C28H30N2 
C, 85.17; H, 7.59; N, 7.19, found C, 85.13; H, 7.54; N, 7.23.51 
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3,5-Dihydro-2H-imidazol[2,1]benzo[5,6]isoindole 185. 
 
 
 
A solution of 2,3-naphthalenedicarbaldehyde 180 (50 mg, 0.27 mmol) and 1,2-ethylenediamine 
182 (0.2 mL, 2.7 mmol) in CH2Cl2 (5 mL) was stirred for 4 h at room temperature.  The solvent 
was evaporated under diminished pressure to afford the product 185 (50.6 mg, 90% yield) as a 
yellow oil: FT-IR (NaCl) υmax 1644.6 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 8.37 (s, 1H, CHAr), 7.99 
(d, J = 7.7 Hz, 1H, CHAr), 7.87 (d, J = 7.7 Hz, 1H, CHAr), 7.82 (s, 1H, CHAr), 7.58–7.49 (m, 2H, 
CHAr), 4.35 (s, 2H, CH2), 4.32 (t, J = 9.7 Hz, 2H, CH2CH2), 3.49 (t, J = 9.7 Hz, 2H, CH2CH2) ppm;
 
13C-NMR (100 MHz, CDCl3) δC 171.6, 143.0, 134.6, 132.8, 129.3, 127.69, 127.3, 126.3, 126.2, 
123.2, 122.2, 60.2, 50.5, 49.3; MS (ESI) 209 (M+H+); HRMS for (M+H+) C14H13N2 calculated 
209.1034, found 209.1082; Anal. calculated for C14H12N2, C, 75.03; H, 5.55; N, 12.24, found C, 
75.07; H, 5.66; N, 12.29.51  
 
 
(2S,3S)-2,3-Diphenyl-3,5-dihydro-2H-imidazol[2,1]benzo[5,6]isoindole 186. 
 
 
 
A solution of 2,3-naphthalenedicarboxaldehyde 180 (50 mg, 0.27 mmol) and (1S,2S)-1,2-
diphenylethylenediamine 131 (115.2 mg, 0.54 mmol) in CH2Cl2 (5 mL) was stirred for 16 h at 
room temperature. The solvent was then evaporated and the crude purified by column 
chromatography (1:1, CH2Cl2/Ethyl acetate) to afford the pure product 186 (30.4 mg, 30% yield) 
as a white solid: m.p. 95-97oC; [α]26D= -143.5 (c 1.4, CH2Cl2); FT-IR (NaCl) υmax 1644.cm
-1
; 
1H-
NMR (400 MHz, CDCl3) δH 8.55 (s, 1H, CHAr), 8.04 (d, J = 7.6 Hz, 1H, CHAr), 7.91 (d, J = 5.6 Hz, 
1H, CHAr), 7.87 (s, 1H, CHAr), 7.61 (m, 2H, CHAr), 7.38 (m, 10H, CHAr), 5.43 (d, J = 9.9 Hz, 1H, 
CHPh), 4.61 (d, J = 9.9 Hz, 1H, CHPh), 4.47 (d, J = 14.9 Hz, 1H, CHHN), 4.24 (d, J = 14.9 Hz, 
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1H, CHHN) ppm; 13C-NMR (100 MHz, CDCl3) δC 169.8, 142.6, 142.4, 140.0, 134.8, 132.9, 
130.4, 129.5, 128.8, 128.5, 128.0, 127.9, 127.5, 127.4, 127.3, 126.9, 126.5, 126.4, 125.5, 123.8, 
122.5, 85.7, 74.4, 48.9; S (ESI) 361 (M+H+); HRMS for (M+H+) C28H31N2 calculated 361.1660, 
found 361.1713.51 
 
 
(2S,3S)-2,3-diphenyl-2,5-dihydro-3H-thieno[3',2':3,4]pyrrolo[1,2-a]imidazole 187a and 
(2S,3S)-2,3-diphenyl-2,5-dihydro-3H-thieno[2',3':3,4]pyrrolo[1,2-a]imidazole 187b. 
 
 
 
A solution of 2,3-thiophenedicarboxaldehyde 181 (100 mg, 0.71 mmol) and (1S,2S)-1,2-
diphenylethylenediamine 131 (302 mg, 1.4 mmol) in dichloromethane (5 mL) was stirred for 
4h30, at room temperature. The solvent was then evaporated and the crude purified by column 
chromatography (1:1, CH2Cl2/Ethyl acetate) to afford the pure 2:1 mixture of products 187a and 
187b respectively (170 mg, 75% yield), as a dark brown oil: FT-IR (NaCl) υmax 1646.8 cm
-1; 1H-
NMR (400 MHz, CDCl3) for both diastereoisomers δH 7.68 (d, J = 4.9 Hz, 1H, CHS), 7.4-7.3 (m, 
10H, CHAr), 7.07 (d, J = 4.9 Hz, 1H, CHCHS), 5.31 (d, J = 9.7 Hz, 1H, CHPh), 4.49 (d, J = 9.7 
Hz, 1H, CHPh), 4.26 (d, J = 15.8 Hz, 1H, CHH), 4.02 (d, J = 15.8 Hz, 1H, CHH) and 7.37 (m, 
12H, CHAr), 5.28 (d, J = 9.4 Hz, 1H, CHPh), 4.48 (d, J = 9.4 Hz, 1H, CHPh), 4.41 (d, J = 15.9 Hz, 
1H, CHH), 4.15 (d, J = 15.9 Hz, 1H, CHH) ppm; 13C-NMR (100 MHz, CDCl3) for both 
diastereoisomers δC 166.1, 141.8, 139.7, 134.5, 129.1, 129.0, 128.8, 128.6, 128.4, 128.0, 127.4, 
127.3, 126.9, 126.4, 125.9, 121.5, 85, 74.7, 48.4 ppm; MS (ESI) 317 (M+H+); HRMS for (M+H+) 
C20H16N2S calculated 317.1068, found 317.1118.
51  
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N,N'-[Thiene(2,3)diyldi(E)methylylidene]-diethane-1,2-diamine 188. 
 
 
 
2,3-Thiophenedicarboxaldehyde 181 (200 mg, 1.4 mmol) and 1,2-ethylenediamine 182 (0.95 
mL, 14.2 mmol) were solubilised in dichloromethane (5 mL). The reaction mixture was left to stir 
at room temperature for 4 h before the solvent was evaporated under reduced pressure to afford 
the crude product (900 mg) as a yellow oil: 1H-NMR (400 MHz, CDCl3) δH 8.87 (s, 1H, CHN), 8.6 
(s, 1H, CHN’), 7.44 (d, J = 5.2 Hz, 1H, CHAr), 7.32 (d, J = 5.2 Hz, 1H, CHAr), 3.68 (t, J = 5.1 Hz, 
4H, CH2), 3.00 (t, J = 5.1 Hz, 4H, CH2NH2) ppm; 
13C-NMR (100 MHz, CDCl3) δC 154.8, 153.9, 
142.3, 139.2, 128.1, 127.8, 65.5, 64.5, 42.4, 42.4 ppm; MS (ESI) 225 (M+H+). 
 
 
2,3-Di-(4,5-dihydro-1H-imidazol-2-yl)thiophene 190. 
 
 
 
To a solution of 2,3-diimidazolidine-thiophene 189 (160 mg, 0.7 mmol) in dichloromethane (5 
mL) was added NBS (245 mg, 1.4 mmol) and the mixture was left stirring for 16 h at room 
temperature, under a nitrogen atmosphere. The solution was then quenched with sodium 
bisulfite (15 mL), and the organic layer washed with water (20 mL) and brine (20 mL) before 
being dried over Na2SO4, filtered and evaporated under reduced pressure to afford purely the 
desired product 190 (16.5 mg, 10% yield) as a yellow oil: FT-IR (NaCl) υmax 1724, 1595 cm
-1; 1H-
NMR (400 MHz, CDCl3) δH 7.37 (d, J = 5.3 Hz, 1H, CHS), 7.30 (d, J = 5.3 Hz, 1H, CHCHS), 3.78 
(s, 4H, CH2), 3.77 (s, 4H, CH2) ppm;
 13C-NMR (100 MHz, CDCl3) δC 161.6, 160.6, 134.4, 129.8, 
129.3, 127.1, 50.2, 49.6 ppm, two of the carbons were not observed due to overlapping; MS 
(ESI) 221 (M+H+); HRMS for (M+H+) C10H12N4S calculated 221.0816, found 221.0868; Anal. 
calculated for C10H12N4S, C, 60.48; H, 5.61; N, 4.55, found C, 60.51; H, 5.61; N, 4.54. 
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N,N,N’,N’-Tetramethylphthalimide 199.69 
 
 
 
Phthaloyl chloride 198 (500 mg, 2.46 mmol) in THF (10 mL) was slowly added to a stirred 
solution of dimethylamine 2 M in THF (4.92 mL, 9.84 mmol) at -50oC. The reaction mixture was 
left to warm up to 20°C, before the dimethylamine hydrochloride was filtered off and the ethereal 
solution was evaporated under vacuo to afford the pure product 199 (540 mg, 100% yield) as a 
cream solid: 1H-NMR (400 MHz, CDCl3) δH 7.43 (m, 2H, CHAr), 7.33 (m, 2H, CHAr), 3.09 (s, 6H, 
CH3), 2.94 (s, 6H, CH3) ppm. The data is identical to that reported in the literature.
69 
 
 
[2H2]-Phthaldialdehyde 200.
69 
 
 
 
N,N,N’,N’-Tetramethylphthalimide 199 (322 mg, 1.46 mmol) was solubilised, under nitrogen, in a 
1:1 mixture of dry THF and Et2O (14 mL). To this solution, LiAlD4 (92 mg, 2.2 mmol) was added 
and the reaction was left to stir for 18 h at room temperature before ice and dilute H2SO4 (5 mL) 
were added. The product was extracted with chloroform (2 x 30 mL), dried on Na2SO4 and the 
solvent evaporated in vacuo to afford product 200 (27 mg, 13% yield) as a colourless oil: 1H-
NMR (400 MHz, CDCl3) δH 8.0 (dd, J = 2.3, 5.6 Hz, 2H, CHAr), 7.81 (dd, J = 2.3, 5.6 Hz, 2H, 
CHAr) ppm; MS (CI) 137 (M+H
+), 154 (M+NH4
+). The data is identical to that reported in the 
literature.69 
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(2R,3R)-[12-2H]-2,3-Diphenyl-3,5-dihydro-2H-imidazol[2,1]isoindole 202. 
 
 
 
Deuterated phthalaldehyde 200 (20 mg, 0.14 mmol) and (1R,2R)-1,2-diphenylethylenediamine 
131 (300 mg, 1.4 mmol) were solubilised in dichloromethane (4 mL) and the reaction mixture 
was left to stir at room temperature for 4 h. The solvent was then evaporated and the crude 
purified by column chromatography (5:5, CH2Cl2/ethyl acetate, to a 100% methanol) to afford 
pure product 202 (10 mg, 30% yield) as a white solid: [α]26D= +23.6 (c 1.0, CH2Cl2); FT-IR (NaCl) 
υmax 3062, 2854, 1641, 1453 cm
-1; 1H-NMR (400 MHz, CDCl3) δH 8.05 (d, J = 7.4 Hz, 1H, CHAr), 
7.50 (m, 13H, CHAr), 5.30 (d, J = 9.6 Hz, 1H, CHPh), 4.50 (d, J = 9.6 Hz, 1H, CHPh), 4.10 (s, 
1H, CHDN) ppm; the carbon spectra is similar to that reported for non-deuterated isomer 178 ; 
MS (ESI) 312 (M+H+); HRMS for (M+H+) C22H18DN2 calculated 312.1611 found 312.1607.
51 
 
 
6. 3. 3. Towards the synthesis of 2,3,4-tris-hydroxy-Ph-IBAM. 
 
2,3,4-Tris-triethylsilyloxy-1-formylbenzene 242.82 
 
 
 
To a solution of chlorotriethylsilane (0.78 mL, 4.7 mmol) in dry N,N-dimethylformamide (5 mL) at 
room temperature, was added imidazole (318 mg, 4.7 mmol). The reaction was stirred for 15 
min, then 2,3,4-tris-hydroxy-1,5-diformylbenzene 237 (200 mg, 1.3 mmol) and N,N-
dimethylaminopyridine (131 mg, 1.2 mmol) were added. The reaction was stirred at room 
temperature under nitrogen atmosphere for 12 h, at which time the solution was diluted with 
diethyl ether (20 mL), quenched with a saturated solution of aqueous NH4Cl (30 mL) and stirred 
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for 5 min. The organic layer was washed with more NH4Cl solution (25 mL), water (25 mL) and 
brine (25 mL). The combined organic were then dried over Na2SO4, filtered and concentrated in 
vacuo. The crude product was purified by silica gel chromatography column (1:1, petrol/CH2Cl2) 
to give product 242 (429 mg, 66% yield) as an off-white solid: 1H-NMR (400 MHz, d6-DMSO) δH 
10.2 (s, 1H, CHO), 7.35 (d, J= 8.6 Hz, 1H, CHAr), 6.5 (d, J= 8.6 Hz, 1H, CHAr), 0.96 (m, 27H, 
CH3), 0.8 (m, 18H, CH2) ppm. The data is identical to that reported in the literature.
82 
 
 
2,3,4-Tris-hydroxy-1,5-diformylbenzene 238.83 
 
 
 
Pyrogallol 243 (562 mg, 4.46 mmol) and hexamethylenetetramine (2.5 g, 17 mmol) were 
combined in a round bottomed flask under a nitrogen atmosphere and refluxed in trifluoroacetic 
acid (10 mL) to generate a deep red solution. After 3 hours, the solution was cooled to room 
temperature, an aqueous solution of 30% HCl (20 mL) was added, and the mixture was heated 
at reflux overnight. The reaction mixture appeared deep brown at this point. The mixture was 
then cooled to room temperature and a saturated solution of aqueous NaHCO3 was added until 
pH=7 was reached. The product was then extracted with ethyl acetate (3 x 25 mL) and the 
combined organics were washed with brine (50 mL). The organics were dried over Na2SO4, 
filtered, and the solvent evaporated in vacuo to afford pure product 238 (173 mg, 21% yield) as 
a yellow solid: m.p. 192oC; FT-IR (NaCl) υmax 3262.1, 1642, 1136 cm
-1; 1H-NMR (400 MHz, d6-
DMSO) δH 10.02 (s, 2H, CHO), 7.75 (s, 1H, CHAr) ppm; 
13C-NMR (100MHz, CDCl3) δC 192.2, 
155.1, 132.4, 126.7, 116.2; HRMS for (M+H+) C8H6O5 calculated 182.1302, found 182. 0942.
83 
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2,4-Bis-hydroxy-3-triethylsilyloxy-1,5-diformylbenzene 244. 
 
 
 
To a solution of chlorotriethylsilane (0.24 mL, 1.4 mmol) in dry N,N-dimethylformamide (5 mL) at 
room temperature, was added imidazole (97 mg, 1.4 mmol). The reaction was stirred for 15 min, 
then 2,3,4-tris-hydroxy-1,5-diformylbenzene 238 (73 mg, 0.39 mmol) and N,N-
dimethylaminopyridine (43 mg, 0.35 mmol) were added. The reaction was stirred at room 
temperature under nitrogen atmosphere for 12 h, before being diluted with diethyl ether (20 mL), 
quenched with a saturated solution of aqueous NH4Cl (30 mL) and stirred for 5 min. The organic 
layer was separated, washed with aqueous NH4Cl solution (25 mL), water (25 mL) and brine (25 
mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by 
silica gel chromatography (CH2Cl2) to give the product 244 (35.7 mg, 30% yield) as a yellow 
solid: Rf= 0.8 (CH2Cl2); m.p. 42
oC; FT IR (NaCl) vmax 3187, 2876, 1637 cm
-1; 1H-NMR (400 MHz, 
CDCl3) δH 11.65 (s, 2H OH), 9.81 (s, 2H, CHO), 7.54 (s, 1H CHAr), 1.03 (t, J = 7.6 Hz, 9H, CH3), 
0.81 (q, J = 7.6 Hz, 6H, CH2) ppm; 
13C-NMR (100 MHz, CDCl3) δC: 194.3, 159.1, 134.7, 131.7, 
115.6, 6.5, 5.3 ppm; HRMS for (M+H+) C14H19O5Si calculated 295.1002, found 295.1014. The 
compound is degrading on the silica gel hence the poor yield. The conversion before purification 
was complete as shown in the crude 1H-NMR spectrum. 
 
 
 
3,5-Bis-formyl-2,6-bis-hydroxyphenyl acetate 245 and 4,6-bis-formyl-3-hydroxybenzene-
1,2-diyl diacetate 246. 
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To a solution of -(2, 3, 4-tris-hydroxy-1,5-diformylbenzene 238 (100 mg, 0.54 mmol) in EtOAc (3 
mL) was added acetic anhydride (0.2 mL, 2.1 mmol) and catalytic amounts of TMSOTf (1 drop). 
The reaction was left to stir under a nitrogen atmosphere, at room temperature, for 48 h before 
the anhydride excess was quenched with methanol (5 mL) and the solvent evaporated under 
reduced pressure. The crude afforded was purified by silica gel column chromatography (8:2, 
CH2Cl2/EtOAc) to give an inseparable mixture of mono and bis-acetylated products 245 and 246 
(55 mg, 3:1 ratio, 40% yield).  
Mono-acetylated product 245: Rf= 0.23 (8:2, CH2Cl2/EtOAc).
 1H-NMR (400 MHz, CDCl3) δH 9.85 
(s, 2H, CHO), 7.81, (s, 1H, CHAr), 2.42, (s, 3H, CH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 194.1, 
167.8, 138.4, 134.3, 115.4, 20.2 ppm, one of the carbon was not observed due to overlapping; 
MS (CI): 242 (M+NH4
+); HRMS for (M+NH4
+) C10H12NO6 calculated 242.0665, found 242.0669. 
Bis-acetylated product 246: Rf= 0.23 (8:2, CH2Cl2/EtOAc); 
1H-NMR (400 MHz, CDCl3) δH 10.00 
(s, 1H, CHO), 9.96 (s, 1H, CHO), 8.10 (s, 1H, CHAr), 2.45 (s, 3H, CH3), 2.40 (s, 3H, CH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 195.4, 185.9, 125.9, 122.0, 119.0, 20.1, 20.4 ppm, five of the 
expected resonnances were not observed due to overlapping ; MS (CI+): 284 (M+NH4
+); HRMS 
for (M+NH4
+) C12H14NO7 calculated 284.0770, found 284.0773. 
 
 
 
6. 4. Synthesis of styrene derivatives and their dibromination. 
 
(1R*,2R*)-1-Phenyl-1,2-dibromopropane (R*,R*)-214 and (1R*,2S*)-1-phenyl-1,2-
dibromopropane (R*,S*)-214 
 
 
 
To a solution of trans-β-methylstyrene 213 (0.1 mL, 0.92 mmol) in dry dichloromethane (5 mL) at 
room temperature under N2 atmosphere, was added solution of bromine in CH2Cl2 (5 mL, 0.185 
mol/L) and the reaction was left to stir for 30 min before being quenched with a saturated 
solution of aqueous sodium bisulphate (10 mL). The two layers were decanted and separated. 
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The organic layer was washed with water (10 mL). The combined aqueous were extracted with 
CH2Cl2 (10 mL) and the combined organics were washed with brine (15 mL) before being dried 
over Na2SO4, filtered and concentrated in vacuo to afford pure product 214 (250 mg, 100% yield) 
as a white solid. Mixture of diastereoisomers by analysis of 1H-NMR spectrum: 95:5, 
erythro/threo.  
(R*,R*)-214 product: 1H-NMR (400 MHz, CDCl3) δH: 7.5-7.34 (m, 5H, CHAr), 5.08 (d, J = 10.2 Hz, 
1H, CHBr), 4.65 (m, 1H, CHBr), 2.08 (d, J = 6.5 Hz, 3H, CH3) ppm; 
13C-NMR (100MHz, CDCl3) 
δC: 140.5, 129.0, 128.8, 128.6, 128.2, 127.7, 59.1, 51.1, 25.8 ppm.  
(R*,S*)-214 product: 1H-NMR (400 MHz, CDCl3) δH: 7.5-7.34 (m, 5H, CHAr), 5.28 (d, J = 5.8 Hz, 
1H, CHBr), 4.65 (m, 1H, CHBr), 1.76 (d, J = 6.6 Hz, 3H, CH3). 
13C-NMR (100MHz, CDCl3) δC: 
140.5, 129.0, 128.8, 128.6, 128.2, 127.7, 59.1, 51.1, 25.8 ppm. 146 
 
 
 
(1R*,2R*)-1-(1,2-Dibromopropyl)-4-methoxybenzene (R*,R*)-216, (1R*,2S*)-1-(1,2-
dibromopropyl)-4-methoxybenzene (R*,S*)-216147 and (1R*,2R*)-1-(1-hydroxy-2-bromo-
propyl)-4-methoxybenzene (1R*,2R*)-217, (1R*,2S*)-1-(1-hydroxy-2-bromo-propyl)-4-
methoxybenzene (1R*,2S*)-217.148  
 
 
 
To a solution of trans-anethole 215 (0.1 mL, 0.67 mmol) in CH2Cl2 (3 mL) at room temperature 
under N2 atmosphere, was added a solution of molecular bromine in CH2Cl2 (3.6 mL, 0.185 
mol.L-1) and the reaction was left to stir for 5 min before the solvent was evaporated to afford 
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product 216 (206 mg, 100% yield) as a mixture of diastereoisomers by analysis of the 1H-NMR 
spectrum: 3/1, (S*,R*)/(R*,R*): MS (EI) 306/308/310 (M+H+). 
(S*,R*)-216 product: 1H-NMR (400 MHz, CDCl3) δH 7.45-7.25 (m, 2H, CHAr), 6.95-6.85 (m, 2H, 
CHAr), 5.05 (d, J = 10.4 Hz, 1H, CHBr), 4.68-4.41 (m, 1H, CHBr), 3.81 (s, 3H, OMe), 2.04 (d, J = 
6.6 Hz, 3H, CH3) ppm;
 13C-NMR (100 MHz, CDCl3) δC 159.7, 132.8, 130.2, 128.9, 113.9, 113.5, 
59.4, 55.3, 51.6, 25.9 ppm. 
(R*,R*)-216 product: 1H-NMR (400 MHz, CDCl3) δH: 7.45-7.25 (m, 2H, CHAr), 6.95-6.85 (m, 2H, 
CHAr), 5.23 (d, J = 5.6 Hz, 1H, CHBr), 4.68-4.41 (m, 1H, CHBr), 3.81 (s, 3H, OMe), 1.71 (d, J = 
6.8 Hz, 3H, CH3) ppm;
 13C-NMR (100 MHz, CDCl3) δC 159.8, 132.8, 130.2, 128.9, 113.9, 113.5, 
58.9, 53.2, 55.3, 22.2 ppm. 
Both sets of data are identical to that reported in the literature.147 
After further purification by column chromatography (7:3, petrol/diethylether), the product 
isolated was the bromohydrin 217 (125 mg, 60% yield) in a 3:1 mixture of (R*,R*)/(S*,R*) 
diastereoisomers. Global analysis by chiral HPLC: Chiralpack AD-H: 0.7 mL/min (99:1, 
hexane/iso-propanol), UV-lamp: 232 nm, tR 12.21 (37.5%), 13.12 (37.5%), 14.27 (12.6%), 15.91 
(12.4%) min; 13C-NMR (100 MHz, CDCl3) δC 159.3, 131.8, 127.9, 127.6, 113.9, 113.7, 78.9, 
56.4, 55.2, 18.9; MS (CI) 244/246 (M+H+).  
(S*,R*)-217 product: 1H-NMR (400 MHz, CDCl3) δH: 7.34-7.29 (m, 2H, CHAr), 6.94-6.90 (m, 2H, 
CHAr), 4.60 (d, J = 8.0 Hz, 1H, CHOH), 4.37-4.30 (dq, J = 8.0,  6.8 Hz, 1H, CHBr), 3.84 (s, 3H, 
OMe), 1.57 (d, J = 6.8 Hz, 3H,  CH3) ppm.  
(R*,R*)-217 product: 1H-NMR (400 MHz, CDCl3) δH: 7.34-7.29 (m, 2H, CHAr), 6.94-6.90 (m, 2H, 
CHAr), 4.98 (d, J = 3.7 Hz, 1H, CHOH), 4.44-4.38 (dq, J = 3.7, 6.8 Hz, 1H,  CHBr), 3.84 (s, 3H, 
OMe), 1.59 (d, J = 6.8 Hz, 3H, CH3) ppm; MS (CI) 244/246 (M+H
+). 
Both sets of data are identical to that reported in the literature.148 
 
 
(1S*,2S*)-1-(1,2-Dihydroxypropyl)-4-methoxybenzene 220.75 
 
 
 
To a solution of trans-anethole 215 (100 mg, 0.68 mmol) in aqueous tBuOH (1:1 v/v, 7 mL), at 
room temperature, was added AD-mix-α (1.0 g). After stirring for 24 h, the mixture was treated 
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with a saturated solution of aqueous Na2S2O3 (20 mL) and extracted with ethyl acetate (2 x 30 
mL). The organics were further washed with brine (25 mL), dried over Na2SO4, filtered and the 
solvent evaporated under reduced pressure. The residue was purified by silica gel column 
chromatography (1:1, AcOEt/Hexane) to give diol 220 (89.4 mg, 72% yield) as a white solid: 
Chiral HPLC purification, Chiralpack AD-H 1 mL/min (9:1, hexane/iso-propanol), UV-lamp 232 
nm; tR 7.26 min (minor (R,R)-isomer) and 8.16 (major (S,S)-isomer), 96% enantiomeric excess 
(e.e. measured by HPLC).; m.p. 80-81°C [lit.75 82-83°C]; 1H-NMR (400 MHz, CDCl3) δH 7.27-
7.22 (m, 2H, CHAr), 6.90-6.85 (m, 2H, CHAr), 4.29 (d, J = 7.7 Hz, 1H, CHOH)), 3.81 (dq, J = 6.2, 
7.7 Hz, 1H, CHCH3), 2.62 (s, 3H, OCH3), 1.02 (d, J = 6.2 Hz, 3H, CH3); 
13C-NMR (100 MHz, 
CDCl3) δC 159.3, 133.2, 128.0, 113.8, 79.0, 72.2, 55.2, 18.6; MS (ESI) 182 (M+H
+); HRMS for 
(M+H+) C10H14O3 calculated 182.0943, found 182.0946. The data is identical to that reported in 
the literature.75 
 
 
(2R*,3S*) Methyl 2,3-dibromo-3-phenylpropionate 223. 
 
 
 
To a solution of methyl cinnamate 222 (0.1 g, 0.61 mmol) in dichloromethane (3 mL) at room 
temperature, under N2 atmosphere, was added a solution of bromine in CH2Cl2 (3.33 mL, 0.185 
mol/L) and the reaction was left to stir for 5 min before the solvent was evaporated to afford the 
crude product which was purified by silica gel chromatography column (CH2Cl2) to give pure 
product 223 (190 mg, 98% yield) as a white solid: m.p. 112-115 [lit.149 117°C]; 1H-NMR (400 
MHz, CDCl3) δH 7.44-7.39 (m, 5H, CHAr), 5.37 (d, J = 11.8 Hz, 1H, CHBr), 4.87 (d, J = 11.8 Hz, 
1H, CHBr), 3.93 (s, 3H, CH3) ppm. The data is identical to that reported in the literature.
150 
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3-Methoxy-trans-cinnamic acid methyl ester 225. 
 
 
 
To a solution of m-anisaldehyde 224 (1 g, 7.3 mmol) in methyl acetate (10 mL) was added 28% 
NaOMe in methanol (2.32 mL, 9.54 mmol), and the mixture was refluxed for 3 h. The mixture 
was cooled to room temperature, quenched with a 6 N aqueous solution of HCl (2 mL, 12 mmol), 
and extracted with ethyl acetate (3 x 25 mL). The extracts were washed with brine (50 mL), dried 
over Na2SO4, and evaporated under reduced pressure. The residue was purified by silica gel 
chromatography column (5:1, hexane/AcOEt) to give product 225 (1.29 g, 91% yield) as a 
colourless oil: 1H-NMR (400 MHz, CDCl3) δH 7.66 (d, J = 15.9 Hz, 1H, CH), 7.30 (dd, J = 7.9; 7.9 
Hz, 1H, CHAr), 7.12 (d, J = 7.9 Hz, 1H, CHAr), 7.04 (dd, J = 1.8; 1.8 Hz, 1H, CHAr), 6.94 (dd, J = 
1.8, 7.9 Hz, 1H, CHAr), 6.43 (d, J = 15.9 Hz, 1H, CHC(O)), 3.83 (s, 3H, OMe), 3.81 (s, 3H, CH3) 
ppm. The data is identical to that reported in the literature.151 
 
 
(2R*,3S*)-Methyl 2,3-dibromo-3-(2-methoxyphenyl)propionate 226. 
 
 
 
To a solution of (E)-methyl 3-methoxycinnamate 225 (250 mg, 1.3 mmol) in dry dichloromethane 
(3 mL) was added a solution of molecular bromine in CH2Cl2 (7 mL, 1.3 mmol) and the mixture 
was stirred at room temperature for 30 min before being quenched by a saturated solution of 
aqueous NaSO3 (10 mL). The organics were separated and washed with water (20 mL), brine 
(20 mL), dried over Na2SO4 and evaporated under reduced pressure. The crude mixture was 
purified by silica gel chromatography column (8:2, petrol/CH2Cl2) to afford pure single 
diastereoisomer 226 (159 mg, 38% yield) as a colourless oil: FT-IR (NaCl) υmax 1746, 1263, 
1161, 733 cm-1; 1H-NMR (400 MHz, CDCl3) δH 7.32 (d, J = 8.1 Hz, 1H, CHAr), 7.01 (m, 1H, CHAr), 
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6.94 (dd, J = 8.1 Hz, 1H, CHAr), 6.92 (m, 1H, CHAr), 5.32 (d, J = 11.8 Hz, 1H, CHBr), 4.85 (d, J = 
11.8 Hz, 1H, CHBr), 3.92, (s, 3H, OMe), 3.85 (s, 3H, CH3) ppm;
 13C-NMR (100 MHz, CDCl3) δC 
159.8, 138.9, 129.9, 120.3, 114.8, 113.7, 109.9, 55.3, 53.4, 50.5, 46.6 ppm; MS (ESI) 352 
(M+H+).  
 
 
(2R*,3R*)-2-Diphenylphosphinoyl-1-(3-methoxyphenyl)propan-1-ol (R*,R*)-228  and 
(2R*,3S*)-2-diphenylphosphinoyl-1-(3-methoxyphenyl)propan-1-ol (R*,S*)-227.78 
 
 
 
n-Butyl lithium (1.4 M in hexane, 3.1 mL) was added to a stirred solution of 
ethyldiphenylphosphine oxide (1 g, 4.35 mmol) in dry THF (28 mL) at 0oC. After 30 min the red 
reaction mixture was cooled to -78oC and a solution of 3-methoxybenzaldehyde 224 (592 mg, 
4.35 mmol) in dry THF (2 mL) was added dropwise from a syringe. The rate of the addition was 
such that the internal solution temperature was maintained at -78oC. The pale yellow solution 
was allowed to warm to room temperature over 2 h before water (15 mL) was added. The THF 
was removed under reduced pressure and the aqueous residue was diluted with brine (50 mL) 
before extraction with dichloromethane (3 x 50 mL). The combined organics extracts were dried 
with Na2SO4, filtered and evaporated to dryness to give the product as a mixture of 
diastereoisomers which were separated by silica gel chromatography (EtOAc).  
The first diastereoisomer to be eluted from the column was erythro-product 227 (1.023 g, 68% 
yield) as a colourless oil: Rf= 0.36 (EtOAc); 1H-NMR (400 MHz, CDCl3) δH 8.10-7.50 (m, 10H, 
CHArPO), 7.25-6.75 (m, 4H, CHAr), 5.27 (d, J = 9.0 Hz, 1H, CHOH), 3.80 (s, 3H, OMe), 2.60 (m, 
1H, CHMe), 1.00 (dd, JH-H = 7.0; JP-H =  3H, CHMe) ppm. 
The second diastereoisomer to be eluted was threo-product 228 (257 mg, 16% yield) as a 
colourless oil: Rf= 0.23 (EtOAc); 1H-NMR (400 MHz, CDCl3) δH 7.8-7.45 (m, 10H, CHArPO), 
7.20-6.75 (m, 4H, CHAr), 4.80 (d, J = 9.0 Hz, 1H, CHOH), 3.80 (s, 3H, OMe), 2.90 (m, 1H, 
CHMe), 0.75 (dd, JH-H = 7.0, JP-H = 17.0 Hz, 3H, CHMe) ppm.
78 
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(E)-1-(3-Methoxyphenyl)prop-1-ene 229. 
 
 
 
Using a modified method reported by Solanki,79 a solution of threo-phosphine oxide 228 (257 
mg, 0.7 mmol) in dry DMF (2 mL) was slowly added to a solution of NaH 60% in oil (56 mg, 1.4 
mmol) in dry DMF (4 mL) at 0oC, under a N2 atmosphere. The reaction mixture was stirred for 4 
h at room temperature and the resulting white precipitate was filtered and washed with hexane 
(2 x 10 mL). The combined organics were washed with a saturated solution of aqueous NH4Cl (2 
x 35 mL), water (2 x 20 mL), brine (20 mL), dried over Na2SO4, filtered and concentrated 
carefully under reduced pressure, as the product is volatile. Purification through silica gel 
chromatography column (1:1, pentane/Et2O) afforded product 229 (41 mg, 40% yield) as a pure 
colourless oil: Rf= 0.4 (petrol); 1H-NMR (400 MHz, CDCl3) δH 7.19-7.10 (m, 1 H, CHAr), 6.90-6.79 
(m, 2 H, CHAr), 6.72-6.65 (m, 1H, CHAr), 6.31 (d, J = 16.2 Hz, 1 H, CHalk), 6.18 (dq, J =6.9; 16.2 
Hz, 1 H, CHCH3), 3.75 (s, 3 H, OMe), 1.81 (d, J = 6.9 Hz, 3 H, CH3) ppm. The data is identical to 
that reported in the literature.78 
Alternative procedure: Following the procedure described above and starting from erythro-
phosphynoyl 227 (610 mg, 1.66 mmol), the reaction was stirred at 90°C for 16 h before being 
filtered. After aqueous work-up and purification the reaction afforded product 229 (76.5 mg, 31% 
yield). All the spectroscopic data are similar to that reported above. 
 
 
(2S*,2R*)1-(3-Methoxyphenyl)-(1,2)-dibromopropane 232. 
 
 
 
To a solution of alkene 231 (9 mg, 0.06 mmol) in dry dichloromethane (3 mL) was added a 
solution of bromine in dry CH2Cl2 (0.185 M, 0.33 mL). After stirring for 30 min, the reaction was 
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quenched with a saturated solution of aqueous sodium sulphite (15 mL). The two layers were 
separated and the organics were washed with water (10 mL) and brine (10 mL) before being 
dried over Na2SO4, filtered, and concentrated to afford pure product 232 (17 mg, 93% yield) as 
white needle-like solid: Rf= 0.3 (petrol); m.p. 37oC; 1H-NMR (400 MHz, CDCl3) δH 7.31 (dd, J = 
7.5; 7.5 Hz, 1H,CHAr), 7.00 (d, J = 7.5 Hz, 1H, CHAr), 6.95 (dd, J = 2.3; 2.3 Hz, 1H, CHAr), 6.88 
(dd, J = 2.3, 7.5 Hz, 1H, CHAr), 5.00 (d, J = 10.2 Hz, 1H, CHBr), 4.61 (dq, J = 6.5, 10.2 Hz, 1H, 
CHBrCH3), 3.85 (s, 3H, OMe), 2.05 (d, J=6.5 Hz, 3H, CH3) ppm; 
13C-NMR (100MHz, CDCl3) δC 
159.5, 141.9, 129.6, 120.0, 114.1, 113.6, 59.0, 55.3, 51.0, 25.8 ppm; MS (EI+) 305/307/309 
(M+H+); HRMS for (M+NH4
+) C10H16NOBr2 calculated 323.9599, found 323.9600. 
    
Alternative procedure: 1-(3-methoxyphenyl)-(2S,3S)-dihydroxypropane 233 (250 mg, 1.37 mmol) 
was solubilised in CH2Cl2 (10 mL) before PPh3 (864 mg, 3.29 mmol) and CBr4 (956 mg, 2.88 
mmol) were added. The reaction mixture was then left to stir overnight at room temperature, 
under a nitrogen atmosphere. The solution was then diluted with CH2Cl2 (25 mL) and was 
washed with water (2 x 30 mL) and brine (30 mL). The organics were dried over Na2SO4, filtered 
and the solvent removed under reduced pressure to give the crude product which was purified 
as described before to give pure product (66 mg, 15%). The data is identical to that reported 
above. 
 
 
1-(3-Methoxyphenyl)-(2S,3S)dihydroxypropane (S,S)-233. 
 
 
 
To a solution of alkene 229 (250 mg, 1.7 mmol) in aqueous tBuOH (1:1 v/v, 14 mL), was added 
AD-mix β (3 g). The reaction was left to stir overnight before being quenched with a saturated 
solution of aqueous Na2S2O3 (25 mL). The aqueous solution was extracted with EtOAc (3 x 50 
mL) and the combined organics were washed with brine (50 mL). The solvent was evaporated in 
vacuo and the crude was purified by silica gel chromatography column (1:1, CH2Cl2/EtOAc) to 
give pure diol 233 (66.7 mg, 21% yield) as a colourless oil: Rf= 0.2 (1:1, CH2Cl2/EtOAc);
 [α]25D= -
26.9 (c 1.2, CH2Cl2); FT-IR (NaCl) υmax 3382 (b) cm
-1; 1H-NMR (400 MHz, CDCl3) δH 7.28 (t, J = 
 216 
8.1 Hz, 1H, CHAr), 6.20 (m, 2H,  CHAr), 6.85 (m, 1H, CHAr), 4.30 (d, J = 7.3 Hz, 1H, CHOH), 3.85 
(dq, J = 6.3, 7.3 Hz, 1H, CHOH), 3.82 (s, 3H, OMe), 2.7 (br s, 2H, OH), 1.00 (d, J =6.3 Hz, 3H,  
CH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 159.7, 142.7, 129.5, 119.2, 113.5, 112.3, 79.3, 72.1, 
55.2, 18.7 ppm. HRMS for (M+) C10H14O3 calculated 182.0943, found 182.0942.  
 
 
1-(3-Methoxyphenyl)-(2R,3R)dihydroxypropane (R,R)-233. 
 
 
 
Following the same procedure as the one displayed above and starting from alkene 229 (160 
mg, 1.1 mmol) and using AD-mix α, the reaction afforded pure diol 233 (95 mg, 47% yield) as a 
colourless oil. [α]D= +28 (c 0.81, CH2Cl2). All the other spectrometric data as similar to the ones 
reported for the other enantiomer. 
 
 
6. 5. Synthesis of diamine 131 and attempted formation of 262. 
 
cis-4,5-Dihydro-2,4,5-triphenyl-1H-imidazole (amarine) 132.52 
 
 
 
Benzaldehyde (48 mL, 475 mmol) and hexamethyldisilazane (120 mL, 575 mmol) were stirred at 
120°C under an inert atmosphere of nitrogen with catalytic benzoic acid (287 mg, 2.35 mmol). 
After 24 h, the reaction was cooled to room temperature and the mixture was taken up in toluene 
(100 mL). The organic phase was washed with saturated aqueous sodium hydrogen carbonate 
(2 × 100 mL), water (100 mL), brine (100 mL), dried over Na2SO4, filtered and concentrated in 
vacuo. The resulting residue was purified by crystallisation from toluene/diethyl ether to yield cis-
4,5-dihydro-2,4,5-triphenyl-1H-imidazole 132 (24 g, 51% yield) as a white crystalline solid: 1H-
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NMR (400 MHz, CDCl3)  δH 7.97 (d, J = 6.9 Hz, 2H,  CHAr), 7.49-7.47 (m, 3H, CHAr), 7.00-6.95 
(m, 10H, CHAr), 5.45 (s, 2H, NCH), 4.75 (br s, 1H, NH) ppm; HRMS for (M+H
+) C21H19N2 
calculated 299.1548, found 299.1543. The data is identical to that reported in the literature.52 
 
 
(±)-trans-4,5-Dihydro-2,4,5-triphenyl-1H-imidazole (iso-amarine) 133.52 
 
 
 
A stirred mixture of amarine 132 (38.5 g, 129 mmol), water (5.4 mL), diethylene glycol (32 mL) 
and sodium hydroxide (8.1 g, 233 mmol) was boiled in an open beaker until the temperature 
reached 155°C. This was maintained for 45 min, during which time the sodium salt of the iso-
amarine had precipitated and the solution turned into a thick slurry. After cooling to room 
temperature, the slurry was treated with glacial acetic acid (23 mL), diluted with ethanol (100 
mL) and heated to boiling (105°C) until all remaining solid had dissolved. After cooling, a 
concentrated solution of aqueous ammonia was added until reaching pH=7. The resulting tan 
precipitate was filtered, washed with cold ethanol (2 x 30 mL), and dried in vacuo. The crude 
product was crystallised from toluene to yield racemic trans-4,5-dihydro-2,4,5-triphenyl-1H-
imidazole 133 (38.3 g, 99% yield) as colourless fine needles: 1H-NMR (400 MHz, CDCl3) δH 7.94 
(dd, J = 1.9, 8.3 Hz, 2H, CHAr), 7.51-7.25 (m, 13H, CHAr), 5.42 (br s, 1H, NH), 4.90 (s, 2H, NCH) 
ppm; 13C-NMR (100 MHz, CDCl3) δC 163.1, 143.6, 131.1, 130.2, 128.8, 128.7, 127.6, 127.5, 
126.9, 71.8 ppm; HRMS for (M+H+) C21H19N2 calculated 299.1548, found 299.1554. The data is 
identical to that reported in the literature.52 
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(+)-(4R,5R)-4, 5-Dihydro-2,4,5-triphenyl-1H-imidazole 133.53 
 
 
 
Racemic iso-amarine 133 (11.00 g, 38.1 mmol) and (S)-(+)-mandelic acid (5.61 g, 36.9 mmol) 
were dissolved in refluxing iso-propanol (35 mL). After refluxing for 1 h, heating was stopped 
and the flask was left in the oil bath to cool slowly to room temperature with gentle stirring. After 
16 h, the solution was cooled to 0oC and left to stir for a further 4 h. The resulting white crystals 
were collected by filtration through a cold sinter and dried in vacuo. The salt was recrystallised to 
optical purity from further isopropanol and the crystals dried in vacuo to yield the 1:1 mandelic 
acid: iso-amarine diastereomeric salt (6.47, 14.25 mmol) in 76% yield: [α]25D = +129.1 (c = 1.0, 
EtOH) [lit53 +128.0 (c =2.3, EtOH)]; 1H-NMR (400 MHz, d6-DMSO) δH 8.05 (d, J = 6.7 Hz, 2H, 
CHAr), 7.62-7.52 (m, 3H, CHAr), 7.41-7.20 (m, 15H, CHAr), 4.95 (s, 2H, NCHPh), 4.82 (s, 1H, 
PhCH(OH)CO2) ppm; 
13C-NMR (100 MHz, d6-DMSO) δC 174.7, 163.3, 143.1, 142.0, 132.5, 
129.3, 129.3, 129.1, 128.5, 128.4, 127.6, 127.2, 127.1, 101.8, 73.3 ppm. The diastereomeric salt 
was suspended in dichloromethane (100 mL) and an aqueous solution of NaOH 1 M (500 mL) 
was added. The biphasic mixture was rapidly stirred until all the solid had dissolved and the 
organic layer was separated. The aqueous layer was extracted again with dichloromethane (100 
mL) and the combined organic layers were washed with water (100 mL), dried over Na2SO4 and 
concentrated in vacuo to give (R,R)-amidine 133 (4.15 g, 76% yield overall) as colourless 
needles m.p. 176-178°C; [lit53 175-178°C]; [α]25D = +46.6 (c 1.0, EtOH) [lit
53 +46.0 (c =2.0, 
EtOH)]. Other spectral data are identical to that of the racemate (±)-133.53 
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(-)-(4S,5S)-4,5-Dihydro-2,4,5-triphenyl-1H-imidazole (S,S)-133.53 
 
 
 
Following the above procedure and starting from racemic iso-amarine 133 (12 g, 41.6 mmol) and 
(R)-(-)-mandelic acid (6.32 g, 41.6 mmol), iso-amarine (S,S)-133 (4.5 g, 74%) was obtained after 
addition of base as a colourless fluffy solid. [α]25D = -46.0 (c 1.0, EtOH). The other spectral data 
is identical to that of the racemate (±)-133.53 
 
 
(+)-(1R,2R)-N-Benzoyl-N’-acetyl-1,2-diamino-1,2-diphenylethane (R,R)-134.53 
 
 
 
A mixture of (R,R)-iso-amarine 133 (3.65 g, 12.26 mmol), sodium acetate (152 mg, 3.34 mmol) 
and acetic anhydride (8 mL) were heated to 150°C for 3.5 h. Water (16 mL) and concentrated 
hydrochloric acid (1.2 mL) were added and the reaction mixture was heated to 100 °C. After 2 h, 
the reaction mixture was filtered whilst still hot and the residue washed with water (30 mL) and 
dried in vacuo to give diamide (R,R)-134 (4.15 g, 95% yield) as a colourless fluffy solid: [α]25D = 
+63.2 (c 1.0, 9:1, CHCl3/MeOH) [lit.
53 [α]25D = +64.9 (c 1.0 , 9:1, CHCl3/MeOH)]; 
1H-NMR (400 
MHz, d6-DMSO) δH 8.89 (d, J = 8.8 Hz, 1H, NH), 8.70 (d, J = 8.8 Hz, 1H, NH), 7.76 (d, J = 6.8 
Hz, 2H, CHAr), 7.55-7.45 (m, 3H, CHAr), 7.32-7.12 (m, 10H, CHAr), 5.46 (t, J = 8.4 Hz, 1H, 
NCHPh), 5.38 (t, J = 8.4 Hz, 1H, NCHPh) 1.80 (s, 3H, CH3) ppm; HRMS for (M+H
+) C23H23N2O2 
calculated 359.1760, found 359.1771. The data is identical to that reported in the literature.53 
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(-)-(1S,2S)-N-Benzoyl-N’-acetyl-1,2-diamino-1,2-diphenylethane (S,S)-134.53 
 
 
 
Following the above procedure starting from (S,S)-iso-amarine (S,S)-133 (4.58 g, 15.12 mmol) 
gave diamine (S,S)-134 (5 g, 92% yield) as a colourless fluffy solid. [α]25D = -64.9 (c 1.0, 9:1, 
CHCl3/MeOH ). The other spectral data is identical to that for its enantiomer. 
 
 
(+)-(1R, 2R)-1,2-Diphenylethylene diamine (R,R)-131. 
 
 
 
A mixture of (+)-(1R,2R)-N-benzoyl-N’-acetyl-1,2-diamino-1,2-diphenylethane (R,R)-134 (4.15 g, 
11,5 mmol), glacial acetic acid (10 mL) and 48% aqueous hydrobromic acid (20 mL) were 
refluxed for 6 h. At this point, further portions of aqueous hydrobromic acid (10 mL) and acetic 
acid (6 mL) were added, and the reaction was refluxed for a further 20 h. The solution was 
concentrated to 1/3 its original volume, cooled to 5oC, and allowed to stand for 15 h at room 
temperature. The resulting precipitate was filtered, washed with cold diethyl ether (10 mL) and 
dissolved in water (15 mL). The aqueous solution was filtered to remove insoluble by-products, 
and the residue was washed with a further 10 mL of water. An aqueous solution of NaOH 40% 
(3.5 mL) was added slowly to the filtrate such that the temperature did not exceed 25oC. The 
mixture was cooled to 5oC for 15 min and the resulting precipitate from the aqueous phase was 
extracted with ether (3 × 80 mL). The organic layers were combined, dried over solid NaOH, 
filtered and concentrated in vacuo. The crude product was re-crystallised from 1:2, petrol/diethyl 
ether (30 mL) to give diamine 131 (1.045 g, 44% yield) as a colourless, crystalline solid: m.p. 81-
83°C [lit.52 78-82°C] [α]25D= +90.5 (c 3.4, EtOH) [lit.
52 [α]25D= +90.7 (c 1.0, EtOH)]; 
1H-NMR (400 
MHz, CDCl3) δH 7.27-7.25 (m, 10H CHAr), 4.09 (s, 2H, NCH), 1.62 (br s, 4H, NH2) ppm; 
13C-NMR 
(100 MHz, CDCl3) δC 143.5, 128.3, 127.1, 127.0, 62.0 ppm; MS (ESI) 213 (M+H
+). The data is 
identical to that reported in the literature.52 
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 (–)-(1S, 2S)-1,2-Diphenylethylene diamine (S,S)-131.52 
 
 
 
Following the above procedure starting from (-)-(1S,2S)-N-benzoyl-N’-acetyl-1,2-diamino-1,2-
diphenylethane (S,S)-134 (5 g, 14 mmol) gave diamine (S,S)-131 (1.36 g, 46%) as a colourless, 
crystalline solid. [α]25D = -90.7 (c 3.4, EtOH) [lit.
52 [α]25D= -91.0 (c 1.0, EtOH)]. The other spectral 
data is identical to that for its enantiomer.52 
 
 
(+)-(4R,5R)-N-Tosyl-4,5-dihydro-2,4,5-triphenyl-1H-imidazole 311. 
 
 
 
Enantiopure (R,R)-iso-amarine (R,R)-133 (500 mg, 1.67 mmol) and p-toluenesulphonic acid 
(703 mg, 3.69 mmol) were solubilised in pyridine (6 mL) and the mixture was left to stir for 16 h 
at room temperature, under nitrogen atmosphere. Water (10 mL) was subsequently added and 
the aqueous layer was extracted with diethylether (2 x 20 mL) and brine (2 x 30 mL), the dried 
over Na2SO4, filtered and concentrated in vacuo to give (R,R)-N-Ts-diamine 311 (685 mg, 87% 
yield) as a white solid: m.p. 122-125°C [lit.152  122°C]; 1H-NMR (400 MHz, CDCl3) δH 7.85 (m, 2 
H, CHAr), 7.58–7.37 (m, 8 H, CHAr), 7.25–7.05 (m, 7 H, CHAr), 6.83 (m, 2 H, CHAr), 5.11 (s, 2 H, 
CH), 2.42 (s, 3 H, CH3); 
13C NMR (100 MHz, CDCl3) δC 159.9, 144.7, 142.5, 141.8, 134.9, 131.4, 
130.5, 130.0, 129.7, 129.3, 128.7, 128.3, 128.0, 127.9, 127.4, 126.2, 126.0, 77.4, 72.6, 21.7. 
The data is identical to that reported in the literature.152 
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(+)-(1R,2R)-N-Benzoyl-N’-tosyl-1,2-diamino-1,2-diphenylethane 312. 
 
 
 
A mixture of (R,R)-N-Ts-iso-amarine 311 (620 mg, 1.37 mmol), THF (5 mL), water (10 mL) and 
concentrated HCl (2 mL) was heated to 100oC. After 2 h, the THF was evaporated under 
reduced pressure and a white solid immediately precipitated from the residual aqueous solution. 
The solid was collected by filtration to give the hydrated product 312, H2O (576 mg, 86% yield) 
as a white solid: m.p. 242oC; [α]20D = +38 (c 1.5, DMSO); FT-IR (NaCl) υmax 3371, 3322, 1633, 
1523, 1154 cm-1; 1H-NMR (400MHz, CDCl3) δH 7.84 (m, 2H, CHAr), 7.53 (m, 3H, CHAr), 7.46 (m, 
2H, CHAr), 7.20 (m, 3H, CHAr), 7.16 (d, J = 7.0 Hz, 1H, NH), 7.13-7.03 (m, 7H, CHAr), 6.89 (m, 
2H, CHAr), 6.12 (d, J = 7.8 Hz, 1H, NH), 5.38 (dd, J =10.4, 7.0 Hz, 1H, CHPh), 4.65 (dd, J = 10.4, 
7.8 Hz, 1H, CHPh), 2.31 (s, 3H, CH3) ppm; 
13C-NMR (100 MHz, CDCl3) δC 168.2, 138.5, 137.8, 
133.5, 131.5, 131.3, 131.2, 129.3, 128.6, 128.5, 128.2, 127.9, 127.7, 127.5, 127.4, 127.3, 126.8, 
63.4, 59.4, 21.4 ppm, all the carbons were not observed due to overlapping in the aromatic 
region; HRMS for (M+H+) C28H27N2O3S calculated 471.1742, found 471.1747. 
The hydrate 312, H2O (576 mg) was dissolved in dry THF (150 mL), stirred under a nitrogen 
atmosphere for 10 min and the solvent was removed under reduced pressure. The process was 
repeated five times before affording the dehydrated product 312 (545 mg, 91% yield): m.p. 
204°C; 1H-NMR (400MHz, CDCl3) δH 7.84 (m, 2H, CHAr), 7.53 (m, 3H, CHAr), 7.46 (m, 2H, CHAr), 
7.31 (d, J = 7.0 Hz, 1H, NH), 7.20 (m, 3H, CHAr), 7.13-7.03 (m, 7H, CHAr), 6.89 (m, 2H, CHAr), 
6.47 (d, J = 7.8 Hz, 1H, NH), 5.38 (dd, J =10.4, 7.0 Hz, 1H, CHPh), 4.65 (dd, J = 10.4, 7.8 Hz, 
1H, CHPh), 2.31 (s, 3H, CH3) ppm; Anal. calculated for C28H26IN2O3S: C, 71.58; H, 5.79; N, 6.03, 
found: C, 71.62; H, 5.74; N, 6.06. The other spectroscopic data are matching the ones of the 
hydrated product. 
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(+)-(1R,2R)-N-Benzoyl-N-Boc-N’-tosyl-1,2-diamino-1,2-diphenylethane (R,R)-325. 
 
 
 
Dimethylaminopyridine (1.3 mg, 0.01 mmol) and Boc-anhydride (26 μL, 0.117 mmol) were 
added to a solution of (+)-(1R,2R)-N-benzoyl-N’-tosyl-1,2-diamino-1,2-diphenylethane (R,R)-312 
(50 mg, 0.1 mmol) in acetonitrile (5 mL). After stirring for 16 h at room temperature, the solvent 
was removed under reduced pressure and the residue was solubilised in diethylether (30 mL). 
The organics were washed with a saturated aqueous solution of KHSO4 (2 x 25 mL), a saturated 
aqueous solution of NaHCO3 (25 mL), and brine (25 mL), before being dried over Na2SO4, 
filtered and the solvent removed in vacuo. The crude product contained 76% of product (R,R)-
325 which was not isolated pure due to its instability on silica gel: 1H-NMR (400 MHz, CDCl3) δH 
7.98 (s, 1H, NH), 7.70 (d, J = 7.3 Hz, 2H, CHAr), 7.53-7.11 (m, 17H, CHAr), 6.49 (d, J = 9.2 Hz, 
1H, CHPh), 6.30 (d, J = 9.2 Hz, 1H, CHPh), 2.43 (s, 3H, CH3), 1.03, (s, 9H, CH3); 
13C-NMR (100 
MHz, CDCl3) δC 166.5, 144.2, 140.0, 136.8, 134.5, 131.3, 129.2, 128.8, 128.4, 128.3, 128.1, 
127.6, 127.6, 127.1, 85.6, 63.7, 54.3, 27.7, 21.6, four of the carbons were not observed due to 
overlapping in the aromatic region; MS (ESI) 571 (M+H+).   
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